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A bstract
Due to a number of unique intrinsic properties, diamond has been considered and 
studied as a solid state ionisation chamber radiation detector for many years. Although its 
indirect band gap (5.48 eV) should list it as an insulator, diamond is electrically considered 
and studied as a semiconductor. Despite its numerous advantages, both poly-crystalline 
(PC) and single crystal (SC) chemical vapour deposition (CVD) diamonds suffer from 
crystal defects and impurities. More particularly, PC-CVD diamonds have shown a high 
concentration of grain boundaries and dislocations. SC-CVD diamonds on the other hand 
offer the opportunity to study grain boundary free crystals.
In order to improve diamond’s detection performance, the various parameters affect­
ing the charge transport properties need to be understood, especially defects leading to 
degradation from the expected behaviour of an “ideal” crystal. The first part of this work 
focuses on high quality, electronic grade SC-CVD diamond samples. Various optical and 
electrical experimental techniques are used to study and understand the limitting factors 
of charge transport and their properties. The samples show excellent optical and electri­
cal characteristics with a very low dislocation density, good Raman signal uniformity, low 
leakage currents, near 100% charge collection efficiency (CCE) levels reached, high mobil­
ity and saturation velocity values and acoustic phonon being the dominant charge carrier 
scattering mechanism for low temperatures. Ion beam induced charge (IBIC) on a differ­
ent sample of similar quality illustrates excellent CCE uniformity. Polarisation effects are 
observed in all devices but prove to only influence the spectroscopic results at low applied 
electric fields.
The second section of this work focuses on the effects of radiation damage on SC- 
CVD diamond detector operation. One SC-CVD diamond sample received rectangular 
spatially localised proton irradiation in various doses. IBIC mapping was employed to 
study how this damage affects CCE values. CCE showed a decrease with increased proton 
dose. Three SC-CVD samples were damaged with neutrons and various characterisation 
experimental results are discussed, to determine how neutron radiation damage affects 
SC-CVD diamond detectors. Significant spectroscopic deterioration appears only for the 
sample with the highest received neutron dose. Finally, a high temperature annealing step 
was performed to assess any recovery in detector performance. Charge carrier current 
pulses indicate electric field non-uniformity after annealing.
The recent commercial availability of high quality, electronic grade SC-CVD diamond 
offers the opportunity to study this material as a planar radiation detector in a detailed 
manner. Furthermore, due to its radiation hardness and excellent detection properties, 
SC-CVD diamond is a good detector candidate for use in radiation harsh environments. 
The function of radiation damaged PC-CVD diamond detectors has been extensively stud­
ied, but only limited work has been performed on SC-CVD diamond detectors function 
after radiation damage. The study of near intrinsic, radiation damaged and subsequently 
annealed SC-CVD diamond detectors presented in this work aims to understand how the
bulk charge transport properties are affected by the inherent growth, radiation damage 
introduced and thermally evolved crystal defects.
oi6a OIL ou8év oi8cx.” Ecoxpairic 
“One thing I know, tha t I know nothing.” Socrates, Greek philosopher 469 
BC - 399 EC
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“As long as I live I keep learning.” Socrates, Greek philosopher 469 BC 
399 BC
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Chapter 1
Introduction
1.1 M otivation
In recent years high quality, detector grade, single crystal (SC), chemical vapour deposition 
(CVD) diamond has become commercially available, offering the opportunity to study the 
properties of this novel synthesised SC material. In order to improve diamond as a radi­
ation detector, the various parameters affecting charge transport need to be understood, 
especially defects leading to degradation from the expected behaviour of an “ideal” crystal.
The general aim of the work presented in this thesis is to study and understand the phys­
ical properties of SC-CVD diamond as a planar radiation detector. This is done through 
optical and charge transport experimental techniques to assess SC-CVD diamond’s detec­
tion performance and attempt to address its disadvantages and limitations. Furthermore, 
since diamond is well known for its “radiation hardness” , such experimental techniques 
can be used to study the detector’s performance after radiation damage and the effects 
induced after high temperature thermal annealing.
To summarise, the aim of this thesis is to investigate the physical processes in planar 
SC-CVD diamond radiation detectors using the following two paths:
1. Optical and electrical characterisation techniques to study and understand charge 
transport, its physical properties and limitations in SC-CVD diamond radiation de­
tectors.
2. Radiation damage using protons and neutron particles followed by high temperature 
annealing to study how the detection properties of SC-CVD diamonds deteriorate 
and possibly recover, respectively.
All the SC-CVD electronic grade diamond samples used were grown and exclusively 
provided by Element Six Ltd., Ascot, United Kingdom.
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1.2 Placing this thesis in context
Innovations in radiation detection materials and designs have always been closely linked 
with advances in hadron and nuclear physics experiments. In order to perform such new 
experiments and explore new phenomena, nuclear groups need detectors capable of with­
standing very high radiation dose levels as well as high event rates. Thus, radiation hard 
detectors performing similarly to the well established silicon detector industry are required. 
In such experiments, the radiation fluency closest to the particle interaction points may 
exceed neutron-equivalent 10^  ^cm~‘^ during the operation time. Such a fluency is currently 
beyond the radiation tolerance of standard silicon technology [1]. Hence, new radiation 
hard detector materials can be possible candidates for replacing silicon in future detector 
developments.
SiC  and PC-CVD diamond have been widely studied during the past few years by [2] 
and [3], respectivley. More specifically, the GSI Darmstadt group has already enabled the 
replacement of classical detectors with PC-CVD diamond in several applications such as 
beam diagnostics and heavy-ion timing [4].
However, the inhomogeneous nature of PC diamond due to the presence of grain bound­
aries, leads to serious disadvantages in terms of using the material in a broader field of 
detector applications [5]. The work reported in this thesis presents a characterisation study 
of the recently commercially available electronic grade SC-CVD diamond and discusses its 
advantages and limitations as a detector. The study is split into two parts; before and 
after radiation damage. By comparing these two states, this work provides useful infor­
mation to the detector community on the perspective of SC-CVD diamond being a future 
replacement for silicon and PC-CVD diamond detectors and its potential function as a a 
solid state ionisation chamber.
1.3 SC diamond a wide band gap sem iconductor
The ancient Creeks believed that diamonds were pieces from falling stars towards the earth. 
The actual word diamond arises from the Creek word “hiapavxi” which has its root in 
the word “aÔdpaç” meaning unconquerable and indestructable. So simply judging by its 
name, diamond is a unique material famous for its extraordinary properties.
Scientifically, diamond with its excellent mechanical, thermal, electrical, optical and 
semiconducting properties has attracted and still attracts strong technological interest. Re­
cently, reproducible high quality SC-CVD diamond became commercially available, making 
it a novel semiconducting material under investigation.
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1.3.1 Properties
Diamond has been studied for many years now as a material of particular interest in terms of 
radiation detection and various other applications, because of its numerous unique intrinsic 
properties. A few of these properties are listed below.
The diam ond la ttice  Diamond is the cubic modification of crystalline carbon. Despite 
the existence of its hexagonal form, diamond’s structure is usually referred to as the equiv­
alent of a face centered cubic (FCC) lattice, with two atoms per primitive (Bravais) cell. 
With the coordinates defined as fractions along the cube sides, one atom is positioned at 
(0,0,0) while the other one at (J ,j , |) -  Such a structure can be viewed as two interpene­
trating FCC (Bravais) lattices shifted along the body diagonal by one quarter of the cubic 
unit cell dimension, a [6 ]. In an “ideal” diamond the cubic unit cell has a side length 
a = 3.567 À  [7]. Thus, every atom is positioned in the center of a symmetric tetrahedron, 
whose corners are its next neighbouring atoms as shown in figure 1 .1 .
The carbon atoms within the diamond lattice are connected through covalent bonding. 
The smallest covalent bond between two neighbouring carbon atoms equals | a  =  1.54 A 
[7]. These bonds are very strong giving diamond a cohesive energy of 3.62 eV  per bond, 
which makes it resilient to radiation damage since relatively high energy irradiation is 
required to produce point defects and dislocations in the crystal lattice [1].
D iam ond band diagram  Electrons in solids are only allowed in specific quantised en­
ergy states which form energy bands. These energy bands are separated by a forbidden 
energy gap called the band gap {Eg) and they can be calculated by solving the time- 
independent Schrodinger equation:
=  +  ( 1. 1)
for the case of a single electron; where is the kinetic energy operator, mo is the
mass of the electron, h is Planck’s constant divided by 2?:, is the Laplace operator 
( ê  +  ^  +  ê ) ’ F (r) is the time-independent potential energy at position r  and 'ip{f) is
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Figure 1 .1 : Crystal structure of diamond [6 ]. The filled spheres show one tetrahedron.
the time-independent wave function. According to F. Bloch’s theorem the solutions of the 
Schrodinger equation for a periodic potential such as within a periodic crystal lattice are 
of the form:
(1 -2 )
where k is the wave vector, n gives the band index and u„(r) is a function describing 
the periodicity of the lattice. A Bloch function is a one-electron wavefunction of this 
form. Bloch functions can be used to represent electrons which freely propagate through 
a potential held of ion cores [8].
According to diamond’s band diagram, the maximum of the valence band is at differ­
ent k from the minimum of the conduction band, making diamond an indirect band gap 
semiconductor. Figure 1.2 shows diamond’s band structure. At 300 K  diamond has a wide 
indirect band gap of 5.48 eV which can list it as a wide band gap semiconductor, if not 
an insulator. The energy separation at =  0 (F'n) is 7.3 — 7.4 eV and the spin-orbital 
splitting [Eso] 6  meV  [9].
Mechanical Diamond is the hardest known material today, retaining its hardness and 
strong bonding even at very high temperatures (up to 1600 K). This hardness arises from 
the fact that diamond has the largest elastic constants of any known material because of
CHAPTER 1. INTRODUCTION
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Figure 1.2: The band structure of diamond [9].
the very strong carbon-carbon atomic bonding [10]. Additionally, the hydrogen terminated 
(1 0 0 ) diamond surfaces exhibit very low friction levels [1 1 ].
Thermal Some diamonds can have thermal expansion coefficients as low as 1.1 x 10“® 
K~^ [12]. The room temperature thermal conductivity, due to strong phonon coupling, 
can be as high as 25 W  cm~^ which is almost six times higher than copper [13]. As 
diamond is a wide band gap material, even at high temperatures there are almost no free 
electrons. Hence, heat is transferred through phonons. At ordinary temperatures, very 
few lattice vibrations are present and the impedance of thermal waves through the crystal 
is very low, making diamond possess excellent thermal conductivity [1].
Optical Optically, pure diamond is transparent to infra-red (IR) and visible light, with 
a refractive index of 2.4 which makes it an attractive and popular gemstone. Because of 
its transparency to visible light, high quality and purity diamond detectors are unaffected 
by solar light and hence do not need to be packaged in dark environments to function.
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Electrical Electrically, diamond has a wide indirect band gap {Eg = 5.48 eV), corre­
sponding to an absorption edge for light below 225 nm. According to this band gap, for 
an ideal diamond the free carrier concentration is expected to be about one carrier per 
km^. In real diamonds though, the free carrier concentration and resistivity values are 
determined by defects and impurity states [14]. Despite that, high quality diamonds are 
highly resistive with resistivities exceeding 10^ ® Dm. Mobility values of 4500 V~^ s~^
for electrons and 3800 cm^ V~^ s~^ for holes have been reported for synthetic material 
when operating in the space charge limited regime [15], with saturation velocities exceeding
1.1 X 10  ^ cm /s  [16]. Moreover, diamond has a very high breakdown voltage with a low 
dielectric constant of about 5.7 and the (111) surface may have a negative work function 
and operate as a cold cathode.
Finally, the material is chemically inert and thus suitable for use in chemically aggressive 
environments. Because of these properties of diamond (table 1.1) there are several possible 
applications arising. Due to its resilience to heat and mechanical hardness it can be used in 
tools and coatings. The fact that it is heat conducting and transparent can be exploited in 
use as a window material in extreme environments. The combination of heat conductance 
and excellent electronic performance is favourable in building small high speed and high 
power devices, electron emitters and particle or ultra-violet (UV) detectors [12, 17]. Last 
but not least, as carbon atoms consist a bio-compatible material, diamond could be used 
as a non-reactive electrode for biological sensors.
1.3.2 Synthesis
Synthesis overview
Despite all the extraordinary intrinsic properties of diamond, when it comes to the indus­
trial use and production, the main disadvantage was reproducibility in terms of material 
properties, because of the dramatic variation with defect content, concentration and struc­
ture.
The synthesis of diamond is a difficult process as it is a metastable modification of
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carbon at ambient pressures and temperatures. Solid carbon exists in various different 
forms; two main categories of these forms are:
- Crystalline forms of graphite and diamond
- Amorphous carbon
When using the term diamond people usually refer to the FCC carbon crystals. The 
lattice is built up of carbon atoms bound by electrons in sp^ orbitals. Graphite is the 
thermodynamically stable modification of carbon at ambient pressures and temperatures. 
The fact that diamond is only metastable causes serious challenges invloved in its synthesis 
and growth.
There are two main methods for diamond synthesis and growth. These are:
1. High temperature /  high pressure (HT/HP)
2. Chemical vapour deposition (CVD)
HT/HP growth takes place in the stable part of the carbon phase diagram shown in 
figure 1.3.
The HT and HP conditions cause limitations on the environment and materials (i.e. 
choice of substrate) which can be used; for example the stress induced by different heat 
expansion coefficients of the diamond and the substrate material during the cooling down 
process has to be considered. Furthermore, it is more difficult to scale HT/HP processes 
to larger scale productions when compared to CVD [11].
CVD growth does not take place in thermodynamic equilibrium but takes advantage of 
the reaction kinetics involved in the growth process. Contrary to HT/HP synthesis, CVD 
growth has the capability of producing large amounts of high quality SC material at low 
pressures.
The amount and type of defects which can be tolerated in the synthetic material de­
pends on the application it is grown for. For electronic devices, such as semiconductor 
radiation detectors, high purity and a high grade of perfection in the crystalline quality
CHAPTER 1. INTRODUCTION
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Figure 1.3: Phase diagram of carbon [18].
5000
is required to guarantee a large charge carrier mobility-lifetime product, a high intrinsic 
resistance and spatial uniformity of these properties. Microwave plasma enhanced (MPE) 
CVD diamond growth is a successful method used today for homoépitaxial growth. In this 
thesis all samples presented are SC-CVD diamonds, hence HP/HT synthesis will not be 
discussed in more detail in the following section.
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Basic processes of CVD growth
Diamond’s growth using the CVD gas phase method began as early as the 1950s, although 
the research level and scientific interest remained low for the next twenty years mainly 
due to the very low growth rates [19]. It was only at the 1980s that progress was such 
that attracted strong scientific and industrial interest. Key role to that change played 
the discovery of the role of atomic hydrogen suppressing the crystallisation of unwanted 
graphite while leaving the diamond parts unaffected [2 0 ].
REACTANTS
(Ha+CHJ
u
DISSOCIATION
CH^+H-^CHj+Hj
FLOW AND REACTION
0  o
1 V V V ¥1I DiffuMon [
Substrate
Figure 1.4: Schematic diagram showing the basic processes during CVD diamond growth 
[2 1 ].
As its name implies, chemical vapour deposition growth involves a gas-phase chemical 
reaction occuring above a solid surface on which it causes deposition. The fundamental 
processes of CVD growth are illustrated in figure 1.4. On the top part we can see the gas 
reactants used which typically contain a hydrocarbon {CH4  1 — 5%) and hydrogen {H2
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95 — 99%) mixture. As a second step, in all CVD techniques in order to produce diamond 
there has to be a gas phase carbon-containing precursor activation molecule. This can be 
achieved via thermal (i.e. hot filament), plasma, or a combustion flame (i.e. oxyacetylene 
or plasma torches) activation, which causes atomic hydrogen and highly reactive CHs rad­
icals to form. The activation step causes the gas to heat up to temperatures approaching 
a few thousand Kelvins. In order to avoid graphite formation, the substrate also needs to 
be at high temperatures exceeding approximately 973 K  [22]. Judging from the substrate 
utilised, there are two growth categories; hétéroépitaxial growth, in which a different ma­
terial than diamond is used as a substrate, and homoépitaxial where diamond is used as a 
substrate. If the conditions are appropriate, when the species reach the substrate a surface 
reaction occurs which may cause small diamond crystallites to begin to grow. Nowadays, 
MPE CVD homoépitaxial growth on SC-CVD diamond appears to be the most promising 
and utilised method.
A more detailed review of diamond growth can be found in [22], in which it is emphasised 
that the role of atomic H is crucial to the growth of CVD diamond, having a key role in 
the surface and plasma chemistry of the deposition process. More specifically:
• Atomic H is known to etch graphitic sp^ carbon much faster than diamond-like sp^ 
carbon. Hence, we can consider diamond growth as five steps forwards, but four 
steps backwards, with the net result being a slow build-up of diamond.
• While the bulk of diamond is fully sp^ bonded, at the surface there are dangling bonds 
which need to be terminated to prevent reconstruction of the surface to graphite.
• H atoms can react with neutral species such as CH 4  to create radicals such as CH^ 
which can then attach to suitable surface sites.
• As H atoms are efficient scavengers of long chains of hydrocarbons, by breaking them 
up into smaller parts the build up of polymers in the gas phase is prevented. This 
is preventing the inhibition of diamond growth by deposition of polymers onto the 
substrate.
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1.3.3 D iam ond surface and m etallic contacts
Despite not studied in this thesis, when working with diamond as a radiation detector the 
surface and metallic contact properties are of major importance. As mentioned in the pre­
vious section, after diamond’s CVD growth its surface is left with dangling bonds. Since 
at ambient conditions a clean diamond surface is unstable, passivating these bonds is im­
portant both in terms of stabilising the surface and gaining the desired properties. For the 
purposes of this thesis, in which (100) SC-CVD diamond samples were exclusively used, 
there are two ways to passivate the surface; hydrogen and oxygen termination. Further­
more, to construct a planar diamond radiation detector, the metallisation of the samples’ 
surfaces can be chosen to produce the desired electrical properties; therefore Ohmic or 
Schottky contacts.
(a) H-termlnation
2?
O-termination
p-type conductive 
Negative electron affinity
insulating 
Positive electron affinity
(b)
Positively-charged surface Negatively-cha rged surface
Electronegativity
2 .1*^/ V 'S . S
c c c c c /  c ' c c c c c
2.5 2.5
H-termlnated diamond Locally oxidized diamond
Figure 1.5: Hydrogenated and oxygenated (100) diamond surfaces
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D iam ond surface
H ydrogen term ination  When diamond is synthesised via the CVD process, hydrogen is 
the dominating element in the gas mixture phase. As the CVD growth ends, both surfaces’ 
dangling bonds are hydrogen terminated. On (100) surfaces, single bonded symmetrical 
dimers with hydrogen decoration form a (100)2xl:2H structure (the notation specifies the 
number of hydrogen atoms in the surface unit cell, although each surface atom carries only 
one hydrogen atom) [24]. Hydrogen terminated diamond shows p-type surface conduction 
even in intrinsic samples due to the electronegativity difference between carbon and hy­
drogen (2.5 to 2 .1  respectively). So, the hydrogen terminated surface is positively charged 
with a negative electron affinity (%) of —1.3 eV [25]. Such a surface while being conductive 
in air becomes insulating in vacuum [1].
Oxygen term ination  The oxygen terminated diamond surface is highly insulating. 
Oxygen is a divalent atom, so it can compensate two of diamond’s surface dangling bonds. 
Hence, compared to hydrogen, for a full covalent termination half the density of oxy­
gen atoms is required. The specific notation for an oxygen terminated diamond is the 
(100)1x1:0 structure [25]. Oxygen has a higher electronegativity value (3.5) than carbon 
(2.5) and thus the oxygen terminated surface is negatively charged and has a positive 
electron affinity value of 1.7 eV  [25].
In this thesis all diamond surfaces used were oxygenated. Such a surface termination 
was provided by the manufacturer and was reproduced when necessary via strong chemical 
agents (chapter 4).
M etallic contacts
For a planar semiconductor detector to function, metallic contacts need to be placed on 
both its top and bottom surfaces. These contacts serve as electrodes from which we can 
collect the device’s signal and through which we can apply a voltage/electric field (E-field) 
across the detector. The physical processes concerning charge transport will be discussed
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in more detail in chapters 2 and 3. The two main types of contacts are:
Ohmic contacts An Ohmic contact is defined as a semiconductor-metal interface through 
which charge carriers are free to fiow towards either direction. This means that the contact 
has negligible resistance compared to the bulk semiconductor resistance. The characteris­
tic current-voltage (I-V) curve of a planar, Ohmic contact semiconductor is a straight line, 
which yields a voltage independent device resistance.
Schottky contacts A Schottky or blocking contact has rectifying characteristics and is 
defined by the Schottky barrier (^jg), which arises from a mismatch between the semicon­
ductor and metal Fermi levels. It depends on the metal work function {4>m)j the semicon­
ductor’s X and the surface state density of the semiconductor. Various approaches may 
be used to model metal/ semiconductor interfaces. The Schottky-Mott model describes an 
ideal interface, assuming that the difference between the metal work function and the elec­
tron affinity of the semiconductor does not change during interface formation. According 
to that, for n-type and p-type cases the electrons travelling from the metal to the material’s 
bulk experience the following two barrier heights respectively [26]:
e<ABn =  (1.3)
e<pBp = ^9 ~ — X) (1-4)
where e is the elementary electric charge and (f)Bn and (j)Bp the Schottky barrier values
for n-type and p-type material, respectively. If we choose the case of oxygen terminated
SC-CVD diamond with planar gold contacts, like the devices discussed in this thesis, and 
we assume the electron affinity of oxygen terminated SC-CVD diamond to be % =  1-7 eV  
[25] and the work function of gold to be = 5.1 eV, the resulting Schottky barrier is 
approximately (f)Bp — ‘^  eV.
CHAPTER 1. INTRODUCTION 14
1.3.4 Som e radiation d etection  applications
The fact that diamond has a large band gap value, and hence low intrinsic conductivity, 
makes it better than most semiconductors in terms of leakage current at room temperature 
and above. For a radiation detector, low leakage current means lower noise levels in the 
spectra acquired and thus higher signal to noise ratio (S/N). Adding to that, the large 
achievable carrier velocities can give rise to very fast electronic signals. Diamond is also 
used as a solar blind detector for UV light, which could be applied in photolithography, 
where the decreasing size of semiconductor devices also requires a decrease in the light 
wavelength used for lithographic processes.
Crystals with strong lattice bonds exhibit a high degree of radiation hardness, hence 
their properties deteriorate only after very high absorbed radiation doses. In this aspect, 
diamond is superior to the well developed silicon based detector industry [27]. Its radiation 
hardness has triggered an increasing interest in diamond detectors for nuclear physics 
experiments.
The RD42 collaboration based at CERN (European Organisation for Nuclear Research) 
aims to study the development of particle detectors with respect to their applications at 
the Large Hadron Collider (LHC). The radiation fluence at the center of such experiments 
is extremely high. The point of interest for diamond in such experiments is to study 
and monitor the stability of the detectors with increasing absorbed doses, which can prove 
crucial for the experiment’s success [28]. The charge carrier saturation velocity of diamond, 
which ultimately limits the speed of the signals, is actually comparable to the values 
published for high quality silicon [29]. Diamond detectors are used for tracking and as 
beam monitors in some cases [30].
The main disadvantage of diamond with respect to other semiconductor radiation detec­
tors such as Si or CdZnTe is that it has a lower atomic number (Z), hence lower absorption 
coefficient for X -  and 7 -rays. On the other hand, this is an advantage in experiments where 
the particles pass through a thin detector, with the particles’ momentum hardly chang­
ing when passing through the material. Many radiation-matter interaction mechanisms
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scale with the atomic number present in the irradiated material. Therefore, detectors with 
comparable atomic number to tissue can be suitable for dosimetry in medical applications. 
Diamond as a dosimeter has the potential to measure X-ray doses with a spatial resolution 
of 1 mrrP. Finally, due to its tissue equivalence, diamond can be used for dosimetry in 
hadron therapy [31] and as a thermoluminescent dosimeter [32, 33].
1.4 Outline
In recent years, since high purity SC-CVD diamond has become commercially available, 
it has attracted strong scientific interest for its function and characteristics as a radiation 
detector, with its main advantage over polycrystalline diamond being the absence of grain 
boundaries, which limit a detector’s performance in terms of timing and spectroscopic 
properties. Moreover, the radiation hardness of diamond has made it a very promising 
detector to be used in radiation harsh environments. Despite that, SC-CVD diamond 
exhibits defects such as dislocation bundles, inclusions and vacancies which may also limit 
the detector’s performance. This work aims to study near intrinsic SC-CVD diamond’s 
optical and electrical characteristics and assess how neutron damage and high temperature 
thermal annealing may deteriorate and recover such aspects, respectively.
Chapter 2 introduces the theoretical background of radiation detectors; this includes 
radiation sources, radiation interaction with matter, signal generation and the equations 
describing charge carrier transport within a semiconducting crystal. During charge trans­
port within a radiation detector the three most useful parameters which can be extracted 
are the singal’s amplitude, resolution and timing properties. The timing properties can 
be determined via the time of flight (ToF) method. In case of minimum trapping, cur­
rent pulses recorded from this method can also provide extracted information about the 
detector’s internal E-field profile.
Chapter 3 covers the theory behind the optical experiments and results presented in 
this thesis, as well as a brief literature review on SC-CVD characteristics relevant to this 
work. The literature review includes optical experimental results such as SC-CVD diamond
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birefringence patterns, luminescence centers as well as Raman spectroscopy signals. An 
overview on charge transport properties is also included emphasising on I-V, CK-particle 
spectroscopy and ToF reported results. The experimental methods used in this study are 
described in chapter 4. At this chapter an insight is given on the equipment used for the 
acquisition of optical, electrical and thermal data, as well as the types of analysis employed. 
More detail is provided on the “home-made” assembled experimental setups rather than 
the commercial ones or the experiments performed on other universities and institutions. 
An additional section on sample preparation, device fabrication, radiation damage and 
thermal annealing methods is also presented.
Chapter 5 concentrates on high purity, electronic grade SC-CVD diamond samples and 
their characterisation. Initially, the crystal quality is assessed via optical experiments and 
as a second step charge transport results are analysed. The ToF timing properties are 
covered both at room and lower temperatures in order to deduce the dominating charge 
carrier scattering interactions. A section on the commonly reported problem of polarisation 
is also included. A complementary section on IBIC CCE spatial uniformity is discussed.
Chapter 6  discusses radiation damage and subsequent thermal annealing effects on elec­
tronic grade SC-CVD diamond. One SC-CVD diamond is damaged with protons and IBIC 
is performed to study the spatial uniformity CCE effects induced at sections of the device 
damaged with different doses. Four extra samples are tested, with one having received 
no radiation damage acting as a control sample and the remaining three having received 
ascending neutron doses up to a maximum of 1 x 10^ ® ncm~^. The chapter throughout its 
length is split into two subsections which compare the characterisation results after neu­
tron damage and subsequent annealing, respectively. Cathodoluminescence point spectra 
are presented to identify any newly induced peaks. Afterwards, charge transport mea­
surements are covered to identify how the detector’s performance is affected by neutron 
damage and annealing. Additional a;-ray photocurrent with thermally stimulated current 
and thermoluminescent measurements are presented to attempt a better insight into the 
shallow and deep trapping energy levels within the detectors.
Finally, chapter 7 concludes the thesis by summarising and highlighting the most im-
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portant experimental findings and their impact on the performance of SC-CVD diamond 
as a planar radiation detector. Additionally, suggestions on future work and improvements 
of the current methods are made.
CH APTER!. INTRODUCTION 18
Table 1.1: Properties of diamond [12].
Property Value Units
Hardness 1 .0  X 1Q4 kg/mw?
Strength, tensile >  1 .2
Strength, compressive >  1 1 0
Coefficient of friction (Dynamic) 0 .0 3 Dimensionless
Sound velocity 1.8 X 104 m /s
Density :T52 g/cm^
Young’s modulus 1 .2 2 GPa
Poisson’s ratio 0 .2 Dimensionless
Thermal expansion coefficient 1 .1  X 1 0 -6
Thermal conductivity 2 0 .0 W jcm  • K
Debye temperature 2 2 0 0 K
Optical index of refraction (at 5 9 1  nm) 2 .4 1 Dimensionless
Optical transmissivity (from nm  to far IR) 225 Dimensionless
Dielectric constant 5 .7 Dimensionless
Dielectric strength 1 .0  X 10? V/cm
Electron mobility 1 6 0 0 cm? jV  • 8
Hole mobility 2 2 0 0 cm? jV  • 8
Electron saturated velocity 2.7 X 10"^ cm /8
Hole saturated velocity 1 .0  X 10^ cm /8
Work function Negative On (1 1 1 )  surface
Band gap 5.45 eV
Resistivity 1013 _  1Q16 PL • cm
Chapter 2 
Sem iconductor radiation detection  
principles
2.1 Radiation sources
In this section, we are going to present the main radiation sources which are generally 
used in charge transport radiation detector characterisation experiments. Such radiation 
sources include beta-minus (/5~) fast electron particles arising from /?“ decay processes, 
alpha (o) heavy charged particles and X -  or gamma (7 -) rays.
2.1.1 X -rays and gam m a-rays
The main difference between X-rays and 7 -rays is the source of the electromagnetic ra­
diation. While X-rays are created from electronic shell transitions, 7 -rays originate from 
nuclear transitions. Electromagnetic radiation such as X- and 7 -rays may arise from a 
number of causes such as /? decays, annihilation radiation, nuclear reactions and of course 
bremsstrahlung and characteristic X-ray processes. These processes can provide different 
electromagnetic radiation in terms of energy, choice between X-rays or 7 -rays, as well as 
monoenergetic beams or polyenergetic spectra, half-lives, etc.
Gamma-rays are emitted when an excited nucleus decays into a lower energy level. A
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/3-decay often leads to the population of the excited state in the daughter nucleus. The 
decay happens via the emission of a 7 -ray photon with an energy essentially equal to the 
energy difference between the initial and final nuclear states. As nuclear states usually have 
very well defined energies, the 7 -rays from any single transition are nearly monoenergetic. 
The induced “half-lives” of the emitted 7 -rays are long (hundreds of days or more) and 
characteristic of the jd-decay parent nucleus (6°Co). If a parent nucleus undergoes /3"^  
decay, more electromagnetic radiation is generated because of the positrons emitted in 
the primary decay. As positrons lose their kinetic energy and slow down due to stopping 
power caused by the absorbing material, they combine with electrons causing annihilation 
radiation; i.e. two opposite direction electromagnetic photons whose energies are added to 
the original 7 -radiation emitted by the decay {^ “^Na for example). Finally, if higher energy 
7 -rays are required other processes, such as nuclear reactions, need to lead to population 
of higher nuclear levels [34].
In this thesis, the X-rays used in characterisation experiments were produced by an 
X-ray tube. X-ray tubes function via the bremsstrahlung process. When fast electrons 
interact with matter, a fraction of their energy is converted into electromagnetic radiation in 
the form of bremsstrahlung. This process scales with increasing electron energy and atomic 
number of the absorbing material. The X-rays generated produce an energy spectrum, 
which can be altered by filtration or passage through appropriate materials. Additionally 
to bremsstrahlung, characteristic X-rays are produced through the same process. Hence, 
the spectrum from an X-ray tube includes the continuous bremsstrahlung energy spectrum 
with characteristic X-ray lines superimposed on it [34].
2.1.2 Fast electron sources - b eta  decay
The fast electron comes from a radioisotope which decays through /3~ emission. Such an 
emission process can be written as:
Z+ÎF + /3“ -t-P, (2.1)
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where X  and Y  are the parent and daughter nuclear products and P is the antineutrino. 
The neutrino and the antineutrino have a very small probability of interacting with matter 
and hence of being detected. So, they are undetectable for all practical purposes in our 
experiments. The daughter nucleus Y  has a very small recoil energy, that is usually below 
the ionisation theshold and so cannot be detected by conventional techniques. Hence, 
the only significant and detectable ionising radiation produced by beta decay is the fast 
electron or beta particle itself [34].
Most ;d-decays populate an excited state of the product nucleus, so that from the 
subsequent de-excitation 7 -rays are emitted together with ^-particles in many common /3- 
sources. Some examples of pure ^-emitters (i.e. nuclides that directly decay to the ground 
state) are: ^H, "^^ C, ^^Cl and
2.1.3 H eavy charged particle sources - alpha decay
Certain heavy nuclei are energetically unstable against spontaneously emitting an a- 
particle (or ^He nucleus). The probability of decay is governed by the barrier penetration 
mechanism which is described in most texts of nuclear physics. The half-life of useful 
sources varies from days to thousands of years. The a-decay process is written as:
z X  -4- z - tX  +  (2.2)
where X  and Y  are the parent and daughter nuclei, respectively. For each transition 
between initial and final nucleus, a fixed energy difference or Q—value is characteristic of 
the decay. Such an energy is shared between the a-particle and the recoil nucleus so that 
each a-particle appears with the same energy. There are many practical cases in which 
emitted a-particles have a unique single energy. Some examples of a-emitters include 
238fy, 2 4 0 3 4 1 ^ ^  and It is no accident that most a-particle energies of common
radioisotope sources are limited between 4 and 6  MeV. There is a very strong correlation 
between a-particle energy and half-life of the parent isotope. Those with the highest 
energies are those with the shortest half-life. Over 6.5 MeU, the half-life is expected to
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be less than a few days. On the other hand, if the energy drops below 4 M eV, the barrier 
penetration probability becomes very small and the half-life of the isotope very large [34].
2.2 Interaction of radiation w ith m atter
The radiation sources described in the previous section can be used for radiation detector 
characterisation experiments. In order to do so, it is of major importance to describe the 
principles defining their interaction with matter.
2.2.1 X -ray and Gam m a-ray Interaction
Although when 7 -rays interact with matter the outcome may be a large number of possible 
interactions, when considering radiation detectors three are the main ones considered: 
photoelectric absorption, Compton scattering and pair production (i.e. creation of electron- 
positron pairs). These interactions of photons with matter depend both on the photon’s 
energy as well as the material’s atomic number, Z.
According to the photoelectric (PE) absorption process, a photon is completely ab­
sorbed by transferring all its energy to a photoelectron (usually an electron of the K-shell). 
This interaction occurs with the atom as a whole and not with free electrons. The kinetic 
energy gained by the photoelectron is equal to the difference between the 7  photon’s energy 
and the binding energy of the photoelectron. Since the interaction creates a vacancy in 
one of the atom’s bound shells, the vacancy is filled by either capturing a free electron or 
rearrangement of electrons within the atom and hence emission of characteristic X-rays 
or Auger electrons. The cross-section of the photoelectric process is larger for materials 
with high Z  and for 7 - or x-rays with relatively low energy, and is given by the following 
approximation with n between 4 and 5 [34]:
X"
OC ■—  (2.3)
where apE is the photoelectric absorption cross-section and E.y the 7 -photon’s energy.
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Figure 2.1: N-rays and y-rays attenuation coefficient in diamond through Xcom calcula­
tions [35].
If a high energy photon transfers a portion of its energy to an electron (assuming it is 
initially at rest), then the incoming 7 -ray is deflected through an angle 6 with respect to its 
original direction and produces a recoil electron. The probability of Compton scattering 
per atom of the absorber increases linearly with the number of electrons available and 
hence Z and decreases with photon energy.
If the energy of the 7 -ray photon exceeds twice the rest mass of an electron (1.02 M eV), 
it is possible to be completely transferred into creating electron-positron pairs inside the 
absorber; hence pair production (PP). All the energy of the photon is transferred into rest 
mass and kinetic energy of the electron and the positron pair. The probability of pair 
production increases with approximately of the absorber and with the energy of the 
7 -ray [36].
If a collimated 7 -ray beam is passed through an absorber of variable thickness (d), there 
will be an exponential attenuation of the number of gamma rays, due to the interactions
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of absorption and scatter. The sum of the probabilities of removing a photon is additive 
and is given by:
OC (^PE T  ^scatterin g  T  ^ P P  (2.4)
where fi* is the linear attenuation coefficient, a scattering the scattering cross-section and app 
the pair production cross-section. Then, the ratio of the number of transmitted photons 
(I) to the number of initial photons (Iq) is given by:
^  (2.5)
Due to carbon’s low atomic number {Z =  6 ), the absorption of N-rays and 7 -rays in 
diamond is low compared to other materials. On the other hand, it can function very 
well as an N-ray beam monitoring tool in synchrotrons or for neutron detection in high 
7 -radiation background environments [1].
2.2.2 Fast electrons interacting w ith  m atter
In contrast to heavy charged particles, when fast electrons move through absorbing ma­
terials they lose their energy at a higher rate, and because of that they follow a random 
path of motion as illustrated in figure 2 .2 .
Figure 2.2: Electrons random path when interacting with matter [36].
Hence, large deviation in the electron path within the absorbing material compared 
to its direction in vacuum or air may occur, as the electron mass is equal to that of the
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materiars orbital electrons with which it might interact. Thus, a large fraction of its energy 
may be lost. Furthermore, electron-nuclear interactions are also possible, in which case an 
abrupt change of the electron’s direction may occur.
The Bethe formula for electrons describes the specific energy loss S, or linear stopping 
power, due to ionisation and excitation (i.e. the “collisional losses”) for fast electrons:
/  _  27re^NZ_
V d x  J  ^ moz/3
1  ^V
(2.6)
where S  =  — (^ )c  is the particle’s collisional rate energy loss, u is the velocity of the 
electron, N  and Z  are the number density and atomic number of the absorber atoms, mo 
is the electron rest mass and e its electrical charge. Lxc represents the average excitation 
and ionisation potential of the absorber and is normally treated as an experimentally 
determined parameter for each element. The parameter ^  ^ where c is the speed of light
in vacuum [34].
An electron’s energy can also be lost by radiative processes as well as by electrical 
Coulomb interactions. The radiative losses can be of the form of bremsstrahlung or elec­
tromagnetic radiation along any position on the electron track. From classical theory and 
according to bremsstrahlung, any accelerated charge must radiate. The change of direc­
tion and deceleration of the electron because of its interactions with the absorbing material 
correspond to such an acceleration. Hence, the linear specific energy loss through radiative 
processes is given by [36]:
In terms of particle types in this context, only fast electrons can have a significant yield 
of bremsstrahlung. Due to the uiq factor in the denominator of the multiplicative term 
in equation 2.7 the yield of heavy charged particles is negligible. The E  and factors
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show that radiative losses are more important for high electron energies and for absorbing 
materials with high atomic number. Hence, as diamond is not a strong absorber for 
X-rays, secondary X-rays or bremsstrahlung may escape the device, but due to its low 
atomic number their production should be low. For typical electron energies, the average 
bremsstrahlung photon energy is low and normally re-absorbed close to its point of origin.
The total linear stopping power for electrons (S) is the sum of the collisional and 
radiative losses [34]:
The ratio of the radiative losses to the collisional losses is given by [34] :
(29)
where E  is energy in MeV.
The energy loss per depth decreases as a function of particle energy at relativistic 
energies. It reaches a shallow energy minimum at Ep % 3mc^, where m  is the particle 
rest mass and c the speed of light. Particles with these energies are called minimum  
ionising particles (MIPs). Their energy loss only weakly depends on energy. Hence, they 
must deposit energy uniformly through a thin absorber’s depth. Electrons are considered 
as MIPs when they have energies above 1.5 MeV. Such energetic electrons are produced 
from a source. MIPs are frequently used in detector characterisation experiments due 
to their ability to create electron-hole pairs throughout the whole detector thickness and 
extract charge collection efficiency values.
2.2.3 H eavy charged particles interacting w ith  m atter
When a heavy charged particle, such as an a-particle, interacts with matter, it does so 
mainly through the Coulomb force between its positive charge and the negative charges 
of the orbital electrons within the absorber material. In this case, the Coulomb force 
dominates over possible interactions with nuclei. On the other hand, there are direct
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interactions between the heavy charged particles and the target nuclei, which are essential 
for Rutherford hackscattering (RBS).
The stopping power S  due to the Coulomb interaction can be defined as the differential 
energy loss per depth, within the material, divided by the corresponding differential path 
length: S = For particles with a given charge state, S  increases as the particle
velocity decreases. For a heavy charged particle the Bethe formula is written as [34]:
da; rriQU (2,10)
where ze is the charge of the primary particle. From this equation we can define the B  
parameter as:
B = Z (2 .11)I
For non-relativistic charged particles with u «  a the first term in the B  formula domi­
nates. Therefore, the stopping power varies with or inversely with particle energy. 
To physically explain this behaviour, we can note that because the charged particle spends 
longer time in the vicinity of any given electron due to its low velocity, the impulse felt by 
the electrons and hence the energy transfer is largest. The only factor outside the logarith­
mic expression is z^, which means that for different charged particles of the same velocity, 
the particles with the largest charge will have the largest energy loss. Alpha particles for 
example will lose energy at a greater rate than protons of the same velocity but less than 
that of more highly charged ions. In terms of absorber materials the energy loss of the 
particles depends mainly on N Z. High atomic number, high density materials will hence 
result in a larger linear stopping power. The average energy to ionise an atom in the target 
material I  is typically of the order of Z x 11 eV [34].
The Bethe formula begins to fail at low particle energies, where charge exchange be­
tween the charged particle and the absorber becomes significant. In this case the positively 
charged particle will pick up electrons from the absorber, hence reducing its effective charge 
and linear energy loss. Thus, for heavy charged particles with low energies, the contribu­
tion of nuclear stopping power becomes more significant being proportional to the charged
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particle velocity. The energy deposition from the incident heavy charged particle is max­
imised at the Bragg peak, at a certain depth below the surface, which depends on the ion 
type, its energy and the absorber material.
The Bragg curve is shown in figure 2.3. For an alpha particle of several MeV^ the 
particle loses energy as predicted by equation 2 .1 0  with the energy loss increasing ap­
proximately with 1/E . Near the end of the track, the effective charge is reduced through 
electron pickup and hence the curve falls off.
- f
Single particle
\ Parallel beam
Distance of penetration
Figure 2.3: The Bragg curve for a single particle and a parallel beam [36].
If data is not available on the energy loss characteristics of exactly the same particle- 
absorber combination in an experiment, we can make various approximations based on the 
Bethe formula and also on the assumption that the stopping power per atom of compounds 
or mixtures is additive. The latest assumption is known as the Bragg-Kleeman rule and 
may be written as [34]:
Nc \ d x  J 
;y. E  is th
fraction of the zth component in the compound (subscript c).
where N  is the atomic density, ^  is the linear stopping power and Wi represents the atom
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The range (i.e. the average maximum depth a charged particle reaches within an 
absorber) of a charged particle in a compound material can also be calculated provided 
that its range in all constituent elements is known. To do this we must assume that the 
shape of the stopping power curve is independent of the stopping medium. So, under these 
assumptions the range in a compound is given by:
"  T P T N iN Y
where Ri is the range in element f, is the number of atoms of element i in the molecule, 
Ai is the atomic weight of element i and Me is the molecular weight of the compound. In 
this work, typically a-particles with energies of several MeV (i.e. ranges in the order of 
tens of micrometres) are used. Thus, the resulting interaction times are in the order of 
picoseconds, which is beyond the time resolution of any experiment presented.
2.3 Creation and m otion of charge carriers
In this section we will discuss the way free charge carriers are generated within a crystal 
and the way the move through the crystal under the influence of an applied E-field.
2.3.1 Creation o f charge carriers
When ionising radiation deposits its energy Ep within a material, then a number of Ep/Wehp 
free electron hole pairs (ehp) are created, where Wehp is a material constant independent 
of the type of radiation and describes the average energy needed to create an ehp [37]. 
In principle, in order to create free electrons within a crystal, they have to be given a 
large enough amount of energy to move from the valence to the conduction band, hence an 
energy equal to the band gap Eg. But the so called ionisation threhsold is usually larger 
than that possibly due to momentum conservation within the crystal, with the major part 
of the incident energy being dissipated by phonons [37]. There is still today no accepted 
general model for the relation between Eg and Wehp- Owens et al summarises the available 
data for a number of materials in the graph displayed in figure 2.4. The band gap energy
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versus Wehp shows two parallel lines which can be fitted by Wehp = 14/5Eg + c, where c is 
the differing offset for the two lines [38].
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Figure 2.4: Band gap vs. mean ehp energy creation [38].
2.3.2 Shockley-R am o theorem  and the Hecht equation
The simplest semiconductor radiation detector configuration consists of a metal - semicon­
ductor - metal 'sandwich' structure as illustrated in figure 2.5(a). The detector device is 
biased and the ehps created by irradiation begin to drift, the electrons towards the anode 
and the holes towards the cathode electrodes, under the influence of the E-field. The drift 
velocity Vdrt which can be described as the charge carrier velocity under the influence of 
the E-field is given by:
v2r = iaE, (2.14)
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where // is the mobility defined as the rate of increase of the drift velocity with E-field. 
This relation fails for very large E-field strengths, where the carriers’ velocities reach a 
saturation limit.
When a charge q is placed between two metallic plates, the contact area due to the 
metal will induce a surface charge on those plates. At the moment when the charge begins 
its motion, the surface net charge will redistribute itself accordingly. A general description 
of this process for an arbitrary number of electrodes was made by Shockley [39] and Ramo 
[40]. They set one electrode at unit potential and all the other electrodes to zero potential. 
This so-called weighting potential causes the weighting field F. The current induced at
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Figure 2.5: a) Geometry of a detector with electrodes in sandwich structure; b) Weighting 
potential and held in a sandwich structure [35].
the electrode generated from the motion of the charge carrier is given by:
^induced — Q F (2.15)
The weighting potential and held for the case of a sandwich structure detector is shown in 
hgure 2.5(b). Both the weighting potential and held scale with the electrical value in this 
case. The main drawback of the Shockley-Ramo theorem is that it assumes a very pure 
and defect free semiconductor detector and hence no signihcant trapping of charge carriers. 
This is an idealised case and does not approach reality. Cavalleri et al comment that if the
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charge moves a distance A x  between two parallel contacts separated by a distance d, then 
relation 2.16 for the induced charge Aqinduced is valid even in the presence of space charge 
within the detector [41]:
^Çinduced Q.
A x
~d (2.16)
If we were to assume that every generated free charge carrier reaches the opposite electrode, 
then the total detected charge Q would equal the amount of created charge Qq. The ratio of 
those two Qoo/Qo can be defined as the charge collection efficiency (CCE) of the detector. 
As there is no perfect detector, most of them contain defects which energetically trap a 
certain number of charge carriers before they reach the opposite electrode. This effect is 
described by a limited average lifetime or trapping time r.
By considering, for simplicity, only electrons to begin with, and making the two as­
sumptions according to which each electron has an infinite lifetime and that we have a 
constant E-field throughout our detection device, the current induced by the motion of 
electrons which move during a drift time tdr, will be constant. On the other hand, if the 
lifetime is finite and also constant over the electrons’ drift length, then the number of free 
carriers and hence the induced current will decay exponentially from an initial current 
value of Iq:
( -$ )  /o r
0  fo r  t > tdr
The signal output from a radiation detector is usually taken firstly through a charge in­
tegrating pre-amplifier. If we neglect the response function of the pre-amplifier itself, the 
voltage output from the detector should be proportional to the integrated induced current 
Q it) = f  I  {t) dt given by equation 2.18:
(2.17)
(2.18)
where Qo is the total number of charge carriers created, E  is the electric field strength, d 
the device thickness and x the interaction depth as shown in figure 2.5.
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In real life conditions, significant trapping occurs within semiconductor radiation de­
tectors for either charge carrier types (electrons and holes). Due to trapping, the induced 
charge becomes a function of the distance over which the charges travel, leading to the 
amplitude of the output pulse depending on the interaction position. By accounting both 
electrons and holes, CCE can be derived from equation 2.18 for t > tdre and t > tdrh to be:
PMhE+ d (2.19)
where the subscripts e and h refer to electrons and holes respectively. This equation which 
shows the voltage and interaction depth dependence of the induced charge signal was first 
reported by Hecht [42] in 1932 and is known as the “ifec/it equatioiT .^
If we have a constant E-field strength \E\ across a device, the mean free drift path of 
a charge carrier is given by Xe,h = Pe,hR,hE. Other than the term CCE, charge collection 
distance (CCD) is a number often referred to. CCD describes the actual distance that the 
charge carriers travel within a device. The relation between CCE and CCD is given by 
CCD =  CCD X .
2.3.3 M otion o f charge carriers - tim e o f flight
As mentioned above, when a form of laser or particle radiation “hits” a single parallel 
plate detector, ehps are created within the crystal lattice. By applying an E-field across 
the thickness of the device, the electrons and holes begin to drift towards the anode and 
the cathode respectively. As soon as the charge carriers begin their motion a current signal 
is produced. The ToF technique can be defined as the direct measurement of the current 
pulse induced at the electrodes of a detector by the drift of charge carriers, under the 
influence of an E-field.
The current pulse width equals the time the charge carriers need in order to traverse the 
detector under two assumptions; firstly that the E-field is spatially uniform and secondly 
that r  is longer than tdr- According to the ToF technique, the principle irradiation must 
inject charge only to a small depth beneath the detector’s surface so that, depending on 
the direction of the E-field, one charge carrier type traverses the whole depletion region
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thickness while the other one a negligible amount of it. By measuring the drift time (i.e. 
width of the current pulse) we can determine the Udr value using the following expression, 
where d is the thickness of the detector:
i^ dr = -—j (2 .2 0 )
tdr
and tdr is the drift time of the charge carrier. By calculating the drift velocity value for 
each applied E-field, for diamond we can use the following empirical formula and fit the
data in order to extract the low field mobility {/iq) and saturation velocity {usat} values
[43]:
=  U  m E -  (2 -2 1 )
i^ sat
Low field mobility fio physically expresses the rate at which the drift velocity increases with 
E-field until reaching field values at which the drift velocities show a trend to saturate, 
reaching a saturation velocity value Vgat- In an ideal detector, if the E-field was uniform 
across its thickness with no sign of trapping or space charge, then the fiat top part of the 
current pulse should have zero gradient, hence being parallel with the x-axis as shown in 
figure 3.13 [44]. In case the top part of a ToF current pulse presents a gradient, then this 
shape is indicative of a non-uniform E-field in the device caused by an opposing space 
charge field within the device or due to severe charge carrier trapping.
In semiconducting materials, such as diamond, two are the main mechanisms affecting 
the mobility of charge carriers:
• Phonon scattering
• Ionised impurity scattering
Phonon scattering occurs due to the interaction of the charge carriers with the vibrating 
atoms consisting the crystal lattice. This type of scattering depends on the frequency 
of the lattice vibration and hence the thermal motion of the lattice atoms. Thus, the 
scattering rate has to be a function of temperature. For room and lower temperatures 
acoustic phonon scattering (APS) dominates (equation 2.22) while for higher values optical
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phonon scattering (OPS) is the dominant mechanism (equation 2.23) [45]. In a simplistic 
and qualitative way, for lower temperatures the lattice vibrations decrease along with the 
probability of a scattering event, hence producing higher mobility values. These facts yield 
the two following relations between mobility and temperature:
I^ OAPS OC (2.22)
A*o,ops OC T~^ (2.23)
Ionised impurity scattering (IS) is based on the Coulomb interaction between the created 
charge carriers and any ionised impurities present. Thus, the relation between mobility 
and temperature becomes:
T"-3/2
Po,is OC (2.24)
where is the impurity concentration within the material. In this case, the mobility 
decreases with increasing impurity concentration because of the increased collision proba­
bility.
Electric field extraction from ToF current pulses
In planar SC-CVD diamond detectors, the E-field profile can be calculated directly from 
single current pulses obtained from the ToF experiment. This method has been em­
ployed by various groups for diamond as well as Cadmium Zinc Telluride (CZT) detectors 
by Fink et al [46, 47] and Isberg et al [48]. To perform this extraction the following as­
sumptions need to be satisfied: (i) there is no charge trapping, (ii) all the charge is created 
at the same depth within the device (hence all charge carriers travel the same distance), 
(iii) the charge cloud is point like and (iv) the mobility is homogeneous throughout the bulk 
material. When recording current pulses directly from a current sensitive pre-amplifier the 
amplitude is acquired in Volt units. To change the units to Amperes the following relation 
is used; I{t) = Volts{t)/ {Gain x Impedance). In our case the electronic impedance is 50 
fl and the gain 200. By integrating the current pulse signal over the drift time interval we
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can calculate the collected charge:
Q W =  /  TWcfa; (2.25)
Jto
in which the maximum value of the collected charge (Qo*) is extracted from the top bend 
of the falling edge of the current signal.
By applying a normalisation factor d/Qo*, where d is the device thickness, the pulse 
can be expressed as the time evolution of the drift velocity Vdr(t)'.
Vdrit) = (2.26)
Qo*
By integrating the time evolving drift velocity we can obtain the position of the charge 
carrier point like cloud as a function of time t:
=  /  Vdr{I)dt. (2.27)
Jto
Finally the E-field as a function of x{t) is given by:
=  (2.28)
The latter is only valid under the initial assumption that the mobility /x is constant as a 
function of depth throughout the device thickness. By plotting the calculated values of x{t) 
versus E{x{t)) the E-field profile as a function of the device thickness can be extracted from
ToF acquired current pulses. Due to the initial assumptions and charge carrier diffusion
effecting the falling edge of a current pulse, the useful part of the pulse is considered to
be from the initial rise edge points up to the top bend part of the falling edge. Hence the
E-field is profiled for this interval only.
Chapter 3
Single crystal CVD diamond
3.1 Optical properties
In order to determine the quality of a diamond sample, crystal defects such as dislocations 
and inclusions need to be understood and have been studied by various research groups 
through optical characterisation experiments. Polycrystalline and natural diamond opti­
cal properties have been studied for many decades, but in recent years a lot of work has 
been carried out on SC-CVD diamond as well. Such experiments can be performed using 
methods of excitation like lasers and lamps of various wavelengths and ionising radiation. 
In this section, we will describe the main physical principles behind a few optical charac­
terisation experiments and summarise some key literature results on SC-CVD diamond’s 
optical properties.
3.1.1 Polarising m icroscopy /  birefringence 
Polarisers
A polariser is an optical device whose input is unpolarised and output some form of po­
larised light. Although coming in various configurations, all polarisers are based on one 
of four fundamental physical processes: dichroism or selective absorption; refiection; scat­
tering and birefringence or double refraction. Despite the differences between the four
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processes, they all share the requirement of some kind of asymmetry existing in the pro­
cess. This is because the polariser must select a certain polarisation state and discard 
all the others. The assy met ry can be related to the incident angle or more often to the 
material of the polariser.
Polarised light and linear polarisation
By treating light as a transverse electromagnetic wave, linearly polarised light can be 
defined as the light for which the orientation of the E-field is constant, with its magnitude 
and sign varying in time as shown in figure 3.1. Hence, the E-field or optical disturbance
7
E
Figure 3.1: Linearly polarised light. The magnitude and sign of the electromagnetic wave 
vary in time [49].
resides in what is known as plane-of-vibration which is a fixed plane containing É  and k, 
the E-field vector and the propagation vector in the direction of motion.
If we have two harmonic, linearly polarised lightwaves moving in the same direction 
through the same region of space, with their E-field vectors co-linear, the superimposed
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wave will be a linearly polarised resultant lightwave. If on the other hand, the E-field 
directions are perpendicular with respect to each other, the resultant wave may or may 
not be linearly polarised. The two orthogonal optical lightwaves can be expressed as;
Ex (z, t) = iEox cos (kz — cut), (3.1)
Êy (z, t) = jEoy cos {kz — wt 4- e), (3.2)
where e is the relative phase difference between the waves, both travelling in the z direction. 
The resultant optical disturbance is the vector sum of the two perpendicular waves:
Ê  (z, t) = Ex (z, t) -f Êy {z, t ) . (3.3)
If e is zero or an integral multiple of ±27r the waves are in phase and equation 3.3 becomes:
Ê = ( iEqx +  jEoy^ cos {kz — cot). (3.4)
Hence, in this case the resultant wave has a fixed amplitude equal to (iEox +  jEoy^ which 
is also linearly polarised. In the case that e is an odd integer multiple of ±27t, the two 
waves are 180° out of phase and we get:
Ê  = (iEox -  jEoy'^ cos {kz — ut). (3.5)
This wave is again linearly polarised, but the plane of vibration has been rotated in some 
angle [49].
M alus’s law
If light is incident on an ideal linear polariser, only light in a specific state will be transmit­
ted. This state will have an orientation parallel to the transmission axis of the polariser. 
Hence, only the optical field component parallel to the transmission axis will pass through 
the polariser unaffected. By introducing a second identical polariser, or analyser, with a 
vertical transmission axis, if the amplitude of the E-field of the first polariser is E7op, only
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the Eq^i c o s  9 component parallel to the transmission axis of the analyser will be passed 
through onto a possible detector. The irradiance reaching the detector is then given by:
hrr (9) — ~;w-E'o 2 cos  ^9. (3.6)
Maximum intensity lirr (0) = ^ E q, occurs when the angle 9 between the transmission 
axes of the analyser and polariser is 0, and equation 3.6 can be re-written as lirr (^) = 
lirr (O)cos^^. This is known as Mains' law. It must be observed that lirr (90°) =  0. This 
takes place because the E-field which is passed through the first polariser is perpendicular 
to the transmission of the analyser (two devices are set to be “crossed”). Hence, the held 
is parallel to the extinction axis of the analyser and has no component to the transmission 
axis [49].
E co sd
Natural
lightPolarizer
A nalyzer
Detector
Figure 3.2: Light passing through polariser-analyser pair. Typical birefringence exper­
imental optical setup. The sample must be placed between the analyser and polariser 
components. [49].
Birefringence and optical microscopy
As mentioned earlier, light propagates through a transparent material by exciting the 
atoms within the medium. The equation which links the induced dipole moment p to the
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E-field É  is given by:
==j9, (3.7)
where a  is the polarisability. The larger a gets the easier it is to deform the electron 
cloud in a material. The electrons are driven by the E-field and reradiate; the secondary 
wavelets recombine and the resultant refracted index is governed by the difference between 
the electric field and the natural frequency of the atoms.
If an ideal and isotropic diamond crystal is placed between “crossed” polarisers no 
transmitted intensity should be detected. On the other hand, in the presence of strain 
causing defects the crystal may become anisotropic and the light passing through such 
areas will be split in two rays polarised perpendicularly to each other travelling at different 
velocities. Strain can be caused by factors such as inclusions, inhomogeneously distributed 
impurities, sample plastic deformation or dislocations. The fast and slow components will 
ineterfere and the positions of complete extinction will depend on geometrical settings such 
as the material’s thickness and the sample orientation.
SC-CVD diamond: Strain, dislocations and birefringence
SC-CVD diamonds grown homoepitaxially can have a remarkably low concentration of 
impurities and defects. Nevertheless, edge and mixed dislocations lying across the (100) 
growth direction are a source of concern since they can act as non-radiative recombination 
centers [50]. Such dislocations appear in bundles lying along the (001) direction and fan 
out along (110) [51].
Strain or stress within the diamond crystal can produce birefringence. Moreover, dis­
location bundles exhibit birefringence of a characteristic pattern consisting of four approx­
imately equal bright petals as shown in figure 3.3. While such a pattern could also be 
produced due to a spherical inclusion, the fact that it is not invariant under a crystal 
rotation about the (001) direction shows that it is caused from dislocation bundles [51].
V-ray topographic results have shown that the four-petalled defect is associated with 
groups of edge dislocations emanating from a defect on or near the substrate surface and
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Figure 3.3: Birefringence patterns seen using crossed-polarisers. Two distinct four-petalled 
defects due to dislocation bundles are observed [51].
fanning out along (110) directions. While R. Jones et al have performed several simula­
tions using different shapes of superimposed dislocations it should be noted that not all 
experimental strain images have perfect four-fold symmetry. They often have one pair of 
opposite petals brighter than the other pair. Such patterns could be due to more complex 
arrangements as shown in figure 3.4. The model of the arrays of dislocations, in particular 
the four-fold symmetry, has implications for the structure of the defect, possibly lying on 
the substrate, which acts as a source for the dislocations [51].
3.1.2 Ram an spectroscopy
Inelastic light scattering
The physical process of inelastic light scattering is described by the scattering of a light 
beam through an optical medium which causes changes in its frequency. This comes in 
contrast with elastic light scattering, in which the frequency of light remains unaltered.
Incident light with angular frequency uji and wave vector is scattered by an excitation 
of the medium of frequency and wave vector q. The scattered photon has frequency uJ2  
and wave vector ^2 - Inelastic scattering can be mediated by types of elementary excitations
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Figure 3.4: Superposition of four-arm and two-arm defects, (a) Projection onto (001) of 
the six arms of the resulting arrangement. Eight dislocations lie along (010) and twelve 
along each of the (110) directions. The thickness of the crystal is 0.83 mm. (b) The strain 
held of the resulting bundle showing four lobes but two lying along (100) are brighter than 
the other pair, (c), (d) The normalised birefringence for polarisers parallel to (100) and 
(110), respectively. These show four or eight lobes with dark arms along (100) for the 
former, and four bright lobes along (100), with differing intensities, for the latter. The 
birefringence is weaker in (c) than in (d) [51].
in a crystal, such as phonons. In this section, we will be dealing only with phonon processes. 
Inelastic light scattering from phonons is generally divided into optical or acoustic phonon 
interactions:
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1. Raman scattering: consists of inelastic scattering from optical phonons.
2. Brillouin scattering: consists of inelastic scattering from acoustic phonons.
In solids with more than one atom in the smallest unit cell, there are two types of phonons: 
acoustic phonons and optical phonons. Acoustic phonons have frequencies of vibration 
that become small at the long wavelengths, and correspond to sound waves in the lattice. 
Optical phonons, which also arise in crystals with more than one atom in the smallest 
unit cell, always have some minimum frequency of vibration, even when their wavelength 
is large. They are called optical because in ionic crystals (like NaCl) they are excited 
very easily by light (i.e. infrared radiation). This is because they correspond to a mode 
of vibration where positive and negative ions at adjacent lattice sites move against each 
other, creating a time-varying electrical dipole moment. Optical phonons that interact in 
this way with light are called infrared active. Optical phonons which are Raman active 
can also interact indirectly with light, through Raman scattering [52]. The physics of the 
two processes is very similar, although the experimental techniques differ. In this section 
we will discuss the basic principles firstly, the details of the Raman technique and then 
Raman spectroscopy in SC-CVD diamond.
Inelastic light scattering general principles
Inelastic scattering can be divided into two types:
1. Stokes scattering
2. Anti-Stokes scattering
Stokes scattering refers to the emission of a photon and anti-Stokes scattering to phonon 
absorption. According to conservation of energy, during the interaction we must have:
üJi = lü2 ^  fi, (3.8)
with conservation of momentum giving:
ki = k2  P Ç. (3.9)
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When we have a +  sign in equation 3.8 there is phonon emission (Stokes scattering), while 
the — sign corresponds to phonon absorption (anti-Stokes scattering). So, a Stokes process 
shifts light to a lower frequency, while an anti-Stokes event to a higher frequency.
The maximum phonon frequencies in a typical crystal are about 10^  ^— 10^  ^ Hz. This 
is almost two orders of magnitude smaller than the frequency of the photon in the visible 
spectral region [52]. Hence, equation 3.8 tells us that the maximum frequency shift for the 
photon will be around 1%. The wave vector of the photon is directly proportional to its 
frequency and we can therefore make the approximation:
|j%!| PS |&4| =  (3T0)
where n is the refractive index of the crystal and uj is the angular frequency of the incoming 
light.
From equation 3.9 we know that [g] =  — ^2 !- Thus, the maximum value of occurs
for a back-scattering geometry in which the outgoing photon is emitted in the direction 
back towards the source. So, we get:
q ^  \k\ — (—A;)| ~  2— . (3.11)
By inserting typical values in equation 3.11, we observe that the maximum value of q that 
can be accessed in an inelastic scattering experiment is of order 10  ^ m~^. This is very 
small compared to the size of the Brillouin zone in a typical crystal (10^° m~^). Therefore, 
inelastic scattering is only able to probe small wave vector phonons [52].
Raman scattering is generally a weak process, and hence we expect a small scattering 
rate. The reasoning for that, is that we are dealing with a higher order interaction compared 
to linear interactions such as absorption. This means that we usually have to employ very 
sensitive detectors to observe the signals, even when using a very powerful laser beam as 
an excitation source. Diamond, has a large frequency shift of its first-order Raman mode 
(A =  1332.5 cm~^) and is one of the most interesting crystals for generating stimulated 
Raman scattering (SRS) using a red laser (632.81 nm) excitation source.
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R am an scatte ring  and diam ond
C. V. Raman was awarded the Nobel prize in 1930 for the discovery of inelastic scattering 
from molecules. In terms of phonon physics, the process which now carries this name, 
refers to inelastic light scattering from optical phonons.
It was mentioned above that inelastic light scattering can only probe the phonon modes 
with q ^  0. Hence, Raman scattering only gives little information about the dispersion 
of optical phonons, and its main use is to determine the frequencies of the longitudinal 
optical (LO) and transverse optical (TO) modes near the Brillouin zone center.
A single narrow Raman signal found at 1332 cm~^ is usually an indicator of high quality 
diamond. It is an indication of sp^ bonds. High quality films as well as natural diamond 
samples show a Raman peak width (FWHM) of approximately 2.5 cm~^ [53]. In the case 
of amorphous or graphitic sp"^  bonded carbon, two broader bands centered at 1360 cm~^ 
and 1590 cm~^ are observed. The relative intensity between the sp^ and the sp^ related 
signals depend on the excitation wavelength of the laser used in the experiment. The 
sensitivity for amorphous/graphitic phases increases for decreasing excitation energy from 
4.82 to 1.16 eV [54].
Figure 3.5 illustrates a recent Raman study on homoepitaxially grown MPE SC-CVD 
on commercial type-Ib diamond substrate showed excellent results, with a standard peak 
position of 1332 cm~^ showing that no residual stress is present in the sample. The peak’s 
width was only 1.6 cm"^, better than the standard value for natural diamond (2.5 cm“^), 
indicating very high quality material [55].
3.1.3 Lum inescence
Light emission in solids
When electrons in excited states drop to a lower level through radiative transitions, atoms 
emit light by spontaneous emission. In solids, that radiative transition is called lumines­
cence. Luminescence can be caused by various mechanisms, but in this section we will
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Figure 3.5: Photoluminescence (PL) spectrum registered on a homoépitaxial MPE SC- 
CVD diamond sample. Excitation wavelength A = 457.9 nm. Inset: diamond Raman 
peak registered on the same sample. [55].
consider one of them:
- Cathodoluminescence: the emission of light following high energy electron absorption.
The physical processes involved in cathodoluminescence are numerous. Not only is the light 
generated by luminescence intimately tied up with the energy relaxation mechanisms in the 
solid, but also the shape of the emission spectrum is affected by the thermal distribution 
of electrons and holes within their bands. Hence, consideration of the emission rates as 
well as the thermal spread of carriers has to be taken into account before gaining a good 
understanding of the emission efficiency and the luminescence spectrum.
In a solid, a photon is emitted when an electron in an excited state drops down into 
an empty place in the ground state band; furthermore, for this to happen, electrons must
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firstly be injected and then relax to the state from where the emission occurs. Because of 
the Pauli exclusion principle not permitting two electrons to be placed into the same level, 
the photon cannot be emitted unless the lower level of the transition is empty. Such an 
empty lower level is created by injecting holes in the exact manner as for electrons. For
inject electrons
EXCITED
STATE
NR
GROUND
STATE
relaxation
inject holes
Figure 3.6; General illustration of luminescence in a solid. Electrons are injected, relax to 
the lower available level before dropping to the ground state by emitting a photon. The 
empty levels in the ground state are created via the injection of holes [52].
radiative transitions between the two levels, the spontaneous emission rate is governed by 
the Einstein coefficient A. If the upper level has a population N  at time t, the radiative 
emission rate is given by:
(3.12)
\  /  radiative
This equation shows that the number of photons emitted in a given time is proportional 
to both the coefficient of the transition A  and the population of the upper level. The rate 
equation can be solved to give:
N{t) = N  (0) exp {—At) = N  (0) exp ( —-  ) , (3.13)
where tr = A  ^ is the radiative lifetime of the transition. Furthermore, according to 
equation 3.15 the Einstein coefficient A is directly proportional to the B  coefficient, which
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determines the absorption probability. This means that transitions which have large ab­
sorption coefficients also have high emission probabilities and short radiative lifetimes.
B2iNiu{y) =  A 2 1 N 2 +  B2iN2u{y)^ (3.14)
In equation 3.14, B 1 2 is the Einstein coefficient B  governing the absorption rate, Ni is
the number of atoms in a low energy level 1, A 2 1  is the Einstein coefficient A  governing
spontaneous emission, N 2  is the number of atoms in a higher energy level 2, B 2 1  is the 
Einstein coefficient governing the stimulated emission rate and u{iy) is the energy density 
of the electromagnetic wave at frequency u.
A n  = (3.15)
However, the fact that the absorption and emission probabilities are closely related to each 
other does not mean that the absorption and emission spectra are the same, because of 
the population factor N. A transition might have a high emission probability, but no light 
will be emitted unless the upper level is populated. These points can be summarized by 
writing the luminescent intensity at frequency 1/ as;
I  (hiy) oc |M|^p (hi/) x level occupancy factors, (3.16)
where the occupancy factors give the probabilities that the relevant upper level is occupied 
and the lower level is empty, M  is the matrix element and g {hn) the density of states for 
the transition, which determine the quantum mechanical transition probability by Fermi’s 
golden rule [52].
The main point is that electrons relax very rapidly to the lowest levels within the excited 
state band, and then form a thermal distribution that can be calculated by statistical 
mechanics. In normal circumstances the electrons will relax to within K rT  of the bottom 
of the excited state band, where K b is Boltzmann’s constant. The holes will follow a 
similar series of relaxation processes. Light is emitted between the electron and hole states 
that are thermally occupied, and will therefore be emitted within a narrow energy range 
from the lowest levels in the excited state band. This comes in contrast with the absorption
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spectrum, where photons can be absorbed to any state within the excited state band, no 
matter how far it is above the bottom of the band.
Other than radiative emission, electrons in an excited state can drop down to the ground 
state through non-radiative relaxation. In that case, the electron can lose its energy as 
heat by emitting phonons, or by transferring it to impurities or defects called “traps”. In 
case these non-radiative relaxation processes occur on a faster time scale than the radiative 
transitions, very little light will be emitted.
The luminescence efficiency t]r can be calculated by writing down the equation for the 
population of the excited state when non-radiative processes are possible:ting down the 
equation for the population of the excited state when non-radiative processes are possible:
=  A T (J . + J _ )  =
^ T R  '^N R  '  T N R
where A = Tr  ^ and t^ r is the non-radiative lifetime. If < <  tjvü then t]r approaches 
one and the maximum amount of light is emitted. If t r  > >  t^ r then t]r becomes very 
small and we get very inefficient light emission. Hence, efficient luminescence requires 
that the radiative lifetime should be much shorter than the non-radiative lifetime. The 
principles discussed in this section are very general and apply to a wide range of light 
emission phenomena in solids.
Direct and indirect band gap materials luminescence
Band gap luminescence occurs in a semiconductor when an electron which has been excited 
in the conduction band drops to the valence band with a photon emission. This process 
reduces the number of electrons in the conduction band and holes in the valence band by 
one. Hence, band gap luminescence corresponds to the annihilation of an electron-hole 
pair and is also known as radiative electron hole recombination. Semiconductors can be 
split into two categories; direct and indirect band gap materials.
For direct band gap semiconductors, photons are emitted when electrons at the bottom 
of the conduction band recombine with holes at the top of the valence band, as illus­
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trated in figure 3.7. Their radiative lifetime is short with values around 10ns — Ins. The 
luminescence efficiency is therefore expected to be high.
Since the momentum of the photon is negligible compared to the electron momentum, 
the electron and hole that recombine must have the same k. Hence, the transition is 
represented by a downward arrow on the band diagram as shown in figure 3.7. The emission 
takes place near A: =  0 and thus has an energy of Eg. Irrespective of the manner of electron 
excitation, we always obtain luminescence close to the band gap energy. In an indirect
conduction band
electrons
holes
fe =  0  
valence band
Figure 3.7: Luminescence diagram in a direct band gap material. A photon is emitted 
when an electron at the bottom of the conduction band recombines with a hole at the top 
of the valence band [52].
band gap semiconductor, the conduction band minimum and valence band maximum are 
at different places in the Brillouin zone. According to conservation of momentum a phonon 
must be either emitted or absorbed when a photon is emitted. Having to emit both a 
phonon and a photon makes the transition a second order one, with a small probability. 
Hence, the radiative lifetime is much longer compared to direct transitions. Because of that, 
from equation 3.17 the luminescence efhcinency becomes small, due to the competition with 
non-radiative recombination. For this reason, indirect band gap materials are generally bad 
light emitters.
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Figure 3.8: Luminescence diagram in an indirect band gap material. The minimum of the 
conduction band and maximum of the valence band are at different places in the Brillouin 
zone [52].
Cathodoluminescence - excitation and relaxation
Cathodoluminescence (CL) can be defined as the emission of light through band gap lu­
minescence after a semiconductor has been excited by a high energy electron beam. For 
diamond, since the band gap luminescence efficiency is small, the luminescence arises from 
crystal defect levels within the band gap. For simplicity we shall describe the CL process 
in a direct band gap semiconductor.
The material absorbs electrons from an excitation source such as an electron gun, and 
this process be creating ehps injects electrons in the conduction band and holes in the 
valence band. Electrons are initially created in states high up the conduction band, but 
do not remain in these high states for very long, as they can very rapidly lose their energy 
through phonon emission. Such a process is illustrated in figure 3.9(a) by a cascade of 
transitions within the conduction band. Each step corresponds to a phonon emission with 
the appropriate energy and momentum to satisfy the conservation laws.
Having relaxed as far as possible by phonon emission, electrons and holes wait at the 
bottom of the bands until they can emit a photon or recombine non-radiatively. This 
allows time to form thermal distributions as seen in figure 3.9(b). The shading indicates
CHAPTER 3. SPVCEE CRYSTAE CVD DIAMOND 53
electrons
conduction band
holes
valence band
Density of states 
(b)(a)
Figure 3.9: CL diagram in a direct band gap material. Electrons relax to the minimum 
of the conduction band through phonon emission and then drop to the ground state by 
emitting a photon [52].
the occupancy of the available states.
Diamond luminescence centers
Over the years, numerous and extensive studies have been performed by various groups 
on the optical properties of diamond. Luminescence from diamond may arise from point 
or extended defects, impurities and band edge emission. The most common impurity 
in diamond is nitrogen. Hence, it is responsible for the majority of the optical centers 
caused by impurities. There is a number of review papers on optical properties of diamond 
tabulating the known absorption and emission bands according to peak position [56]. In 
this section we will briefly mention a few basic luminescence centers in non-intentionally 
doped diamond which prove to be relevant for this work as discussed in subsequent sections.
Band A (2.8 - 3.0 eV) Broad band luminescence is observed in most diamonds when 
excited by photons or energetic particles. The broad peak has a centroid which ranges 
between 2.8 — 3.0 eV  (414 — 443 nm). Early work by Dean [57] suggested that band A 
luminescence is caused by radiative recombination across the indirect band gap of elec­
trons and holes separately trapped at donor-acceptor pair levels. Another more recent
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paper supporting Dean's theory [58] suggests the donor to be nitrogen and the acceptor 
boron in CVD diamond samples. Yamamoto et al [59] discuss a similar model causing 
donor-acceptor recombination at dislocation centres. Band A luminescence is quenched by 
radiation damage [60], but it is possible to partially recover it by thermal annealing [61].
H3 center (2.463 eV) The H3 centre has been studied in most types of diamond. It is 
related to strain, mechnical deformations and dislocations [62]. It can also be produced by 
irradiation followed by annealing [63]. Two models have been proposed for the H3 centre; 
the first attributing it to a pair of substitutional nitrogen atoms separated by a vacancy 
(N-V-N) and the second to a nitrogen aggregate bound to two vacancies (V-N-N-V) [63].
G R l center (1.673 and  1.665 eV) The GRl centre is related to the neutral vacancy 
(y°) and presents a zero phonon line doublet at 1.673 and 1.665 eV. The centre is created 
from irradiating and hence damaging pure diamond samples [64] and its luminescence 
intensity increases with radiation dose.
Ti center (2.159 eV) The Ti centre is found in natural diamonds containing nitrogen 
as well as in synthetic diamonds. It can be naturally ocurring or can be produced by 
plastic deformations [65] and is thought to be a single interstitial nitrogen atom bound to 
a vacancy along the (001) direction [66].
Excitons Excitonic lines are observed through CL experiments in high quality diamond 
samples. Bound excitons emit luminescence at 5.04 eV  and 5.22 eV [67]. Free excitons 
have emission lines at 5.33 eV, 5.275 eV, 5.12 eV, and 4.955 eV - corresponding to the 
optical and acoustical modes and additional modification with Raman phonons [68]. The 
indirect band gap can be seen at 5.5 eV.
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3.2 Charge transport and SC-CVD diamond
Charge transport properties of diamond have been studied ever since it was found to be 
a conducting solid and are still being studied. Initially, natural (monocrystalline) SC dia­
monds were investigated and with time the progress of synthesised PC and SC samples are 
being tested. Some of the basic charge transport characterisation techniques include dark 
conductivity or current-voltage characteristics (I-V), charge collection efficiency (CCE) and 
time of flight or mobility measurements. This section will be summarising some key charge 
transport properties of diamond, which are relevant to the work presented in this thesis.
3.2.1 Dark conductiv ity  and charge collection  efficiency
D ark conductiv ity  To produce an E-fleld large enough to achieve an efficient charge 
collection from a diamond detector, a voltage (i.e. E-fleld) of typically hundreds of Volts 
must be applied across its active volume. Even with no ionising radiation impinging upon 
the detector, diamond will exhibit some flnite bulk and/or surface conductivity and hence 
a steady state leakage current. Dark conductivity or I-V characteristics measurements are 
performed in order to determine the leakage current of a radiation detector under the in­
fluence of a range of applied E-flelds. By carrying out such a measurement, the working 
voltage range within which leakage currents are low enough not to cause problems to the 
detector’s operation can be found. Diamond samples with oxygen surface termination ex­
hibit very high surface resistivity, hence an I-V measurement produces mainly information 
of the crystal’s bulk. Another way to make sure that surface leakage currents are not 
interfering is to place guard rings around the metallic contacts.
When comparing PC to SC diamond detectors through dark conductivity experiments, 
the main point to stress is that on average SC diamonds exhibit lower bulk leakage currents 
than PC ones while both may indicate hysteresis and/or assymetry between positive and 
negative applied voltage. Diamond is a wide band gap material and thus such currents 
may be as low as a few pA. We use the words “on average” since when studying a number 
of SC-CVD diamond detectors, usually there are a few showing erroneous behaviour. An
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interesting experiment performed by M. Pomorski et al [1] indicates that by splitting up 
a SC-CVD diamond’s circular contact into four quadrants and measuring each quadrant’s 
I-V characteristics, the leakage currents appear to be larger for the quadrants of higher 
defect density as shown in figure 3.10.
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Figure 3.10: Correlation between leakage current and structural defects of a SC-CVD 
diamond sample. (Left panel) The red lines mark the quadrants position on the topographic 
image. (Right panel) I-V characteristics of individual quadrants. A higher leakage is 
observed for quadrants 1 and 3, which are regions of higher defect density [1].
Further proof that bulk leakage current increases with higher defect concentration (such 
as dislocation bundles) arises from the same group’s work which compares thirteen SC-CVD 
diamond detectors I-V plots (figure 3.11). The comparison provides a clear qualitative 
trend showing the relation between dark current and defect concentration. Continuous 
band states can be formed in a crystal by dislocations. Recent theoretical calculations 
by Fujita et al [69] show that (001) edge dislocations in diamond may result in band 
states placed approximately in the middle of the band gap, acting as efhcient radiative 
recombination centres [69]. Such an effect is shown in figure 3.11.
Charge collection efficiency To find a detector’s optimum working bias range CCE 
measurements are required to complement the I-V characteristics curves. This would be
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Figure 3.11: The log-log plot of the I-V characteristics of thirteen SC-CVD diamond 
detectors. The I-V characteristics of samples previously characterised by N-ray topography 
or/and cross polarised light microscopy are displayed in colour. [1].
the range of highest possible CCE with the lowest possible dark currents. Physically and 
in simple terms the CCE process may be described as follows; a form of ionising radiation 
with known energy (usually cc-particles) “hits” the surface of the detector and under the 
external application of an E-field ehps are created which drift towards the anode and 
cathode respectivley. CCE is given by the ratio of the collected over the created charge.
Once again, comparing PC to SC diamond detectors there are a few key differences. 
While detector grade SC-CVD diamonds reach almost always near 100% CCE, PC samples’ 
values are lower (50% - 70%) as indicated in figure 3.12 [70]. Furthermore, polarisation 
seems to have a stronger effect on PC diamonds due to the increased concentration of 
defects such as grain boundaries and impurities. Despite that, fitting the Hecht equation 
even to SC-CVD diamond devices is not trivial since even small polarisation effects caused 
by shallow traps may effect the curve’s shape quite strongly.
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Figure 3.12: CCE as a function of electric-field for PC and SC-CVD diamond. Unlike the 
PC case, a fully saturated CCE plateau has been obtained for the SC device. However, 
a CCE > 1 is not conclusive yet and could be due to re-injecting contacts or calibration 
problems. [70].
3.2.2 D rift velocity  and m obility
In the case of a single-channel parallel-plate detector as soon as ehp are created, the charge 
carriers’ motion causes a current signal which can be measured via a current-sensitive pre- 
ampliher. The ToF method or Transient Current Technique (TCT) can be defined as the 
direct measurement of a current pulse induced in the electrodes of a detector by the drift 
of charge carriers, under the influence of an E-field. Under the assumptions that we have 
a uniform E-field and that the charge lifetime is longer than the transit time, the time the 
ionisation charge needs to traverse the detector’s width equals the length of the current 
pulse. In the ToF technique free carriers are produced in the detector by using a suitable 
form of radiation, such as a pulsed electron beam, an a particle source or a fast laser pulse.
In an “ideal” detector, if the E-field is uniform across its thickness with no sign of 
trapping or space charge, then the fiat top part of the current pulse should have zero
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gradient, hence being parallel with the x-axis as shown in figure 3.13 [44]. In case the 
top part of a ToF current pulse presents a gradient, then this shape is indicative of a 
non-uniform E-held in the device caused by an opposing space charge held within the 
device or due to severe charge carrier trapping as shown in hgure 3.14 [71]. According to
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Figure 3.13: Room temperature current pulses with hat top, hence uniform E-held, on a 
SC-CVD diamond device for holes and electrons [44].
Pernegger et al [71], the fast rising of the SC-CVD diamond current signal is dominated 
by the electronic time constants of the amplihcation and readout system and remains 
approximately constant at higher voltages. The falling edge clearly shows the arrival of 
the charge cloud at the opposite electrode for electrons and holes [71]. Previous room 
T ToF measurements carried out on SC synthetic diamond samples in the space charge 
limited regime suggested mobility values as high as 3800 and 4500 crri^V'^s~^
for holes and electrons respectively [15]. However, recent data using low charge injection 
particle-induced ToF suggest mobility values of about 2000 [71, 44]. Saturation
velocity values appear to range closely around 1.1 x 10^  cm /s for both SC-CVD and natural
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Figure 3.14; Room temperature current pulses with a gradient top, hence non-uniform 
E-field, on a SC-CVD diamond device for holes and electrons [71].
diamond [45, 71].
Numerous studies by various groups have shown that there is a distinct trend of low 
held mobility values with temperature both for SC-CVD [72] and natural diamond [45]. 
As shown in hgure 3.15, for natural diamond, at temperatures from 300 K  and below, 
mobility appears to scale with which is indicative of scattering between the charge
carriers and acoustic phonons dominating [45]. On the other hand, at temperatures above 
300 K  mobility scales with T~^'^ which implies that at such temperatures optical phonons 
becomes dominant [45]. A similar trend was presented by Isberg et al only for holes for 
SC-CVD diamond for a range of temperatures, as shown in hgure 3.16 [72]. Electrons in 
that sample showed a strange behaviour possibly due to extended trapping taking place, 
according to the author.
When applying high E-held values across a diamond detector, the temperature of the 
created charge carriers is not in thermal equilibrium with the lattice’s temperature. This 
type of transport is often referred as “hot”. Carriers undergo scattering processes, and if 
sufhciently high enough energy is transferred by a phonon, they can be scattered between 
bands or equivalent bands minima (inter-valley scattering). The mean value for the effective 
mass m* of carriers must then be calculated for different positions of the charge carriers
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Figure 3.15: Low and high temperature mobility dependence for natural diamond [45].
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Figure 3.16: Low and high temperature mobility dependence for SC-CVD diamond. Only 
hole data are presented in this graph [72].
within the valleys in the band structure. One of the consequences of the “hot” carrier 
transport is the anisotropy of drift velocities in diamond caused be the valley repopulation
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Figure 3.17: Natural diamond electron drift velocity vs. E-deld at 85 K  for field parallel 
to (110) and (100) crystallographic directions [45].
effect.
This interesting effect has been reported for natural diamond [45] and silicon [73]. It 
was reported to become enhanced when applying the E-field parallel to the (100) crystallo­
graphic direction. Figure 3.17 shows the data set taken for electrons from natural diamond 
at 85 K  with the E-field parallel to (110) and (100) directions [45], while figure 3.18 shows 
silicon data at 8 77 with E-field parallel to (111), (110) and (100) directions [73]. We can 
observe a larger anisotropy from the expected fit shape when the E-field is applied parallel 
to the (100) crystallographic direction. In natural diamond, the drift velocity points seem 
to saturate up to E-field = 3000 Vjcm  and suddenly begin to continuously increase above 
that threshold.
The observed effect is similar for diamond and silicon and is characteristic of rnany- 
valley band structures with ellipsoidal constant surfaces elongated along (100) [45, 73].
3. SJ7VGÜ5 CftïlSïlAjL CVIO JDJ/lAdOjVD 63
Si-electrons7
10
<111 >
f i i o >
< 100>
,G10
Figure 3.18: Silicon electron drift velocity vs. .E-field at 8 Ff for .E-field parallel to (111), 
(110) and (100) crystallographic directions [73].
As reported by C. Canali et al [73], at low E-fields the drift velocity increases rapidly as 
acoustic phonon scattering dominates. Moving into medium strength E-fields, the energy 
of the electrons becomes comparable to that of /  intervalley phonons and hence scatter­
ing mechanisms begin to dominate more. Finally, at high E-fields the electron’s energy 
increases overcoming that barrier and the drift velocity begins to increase sharply again.
Such a process can be attributed to the repopulation effect. In diamond, the electrons 
in the six equivalent valleys located around the valence band maximum (VBM) in the 
(100) direction are the ones contributing to the material’s conductivity. The effective mass 
of materials with anisotropic band minima, such as diamond and silicon, is characterised 
by a longitudinal mass {mi) along the corresponding equivalent (100) direction and two 
transverse masses (m^) in the plane perpendicular to the longitudinal direction.
For an applied field oriented along (100), m* of the carriers in the two valleys whose 
major axes are along (100) is mi and that of the other four valleys is For E-fields 
applied parallel to (110), the m* of two valleys, whose major axes are along (001), is 
mt, and the m* for the remaining four valleys is 2(l/m^ + I/m i) — 1. When the applied 
field is (111) oriented, it is a special case. Here, the m* of the six valleys has the same
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value, 3(2/?72f +  1/mi) — 1. In the hot valleys (smaller effective masses), electrons are 
more efficiently “heated” by the field, thus the electron temperature is higher than in the 
cold valleys (larger effective masses). The scattering rate of carriers from hot valleys to 
cold valleys is larger than in the reverse direction. Therefore the equilibrium population 
at a certain E-field of hot valleys is smaller than that of cold valleys. The anisotropy 
increases at decreasing lattice temperature, and it tends to vanish at extreme fields (very 
low or very high ones). This phenomenon is called valley repopulation effect, resulting in 
anisotropic drift velocity in multi-valley semiconductors like diamond or silicon. A more 
detailed theoretical description of this process can be found in an early paper by Liu et al 
[74] and is supported experimentaly in the case of natural diamond and silicon by Nava et 
al [45] and Canali et al [73] .
3.3 Radiation damage and therm ally stim ulated pro­
cesses
One of the key properties of diamond is its radiation hardness. Due to that property, several 
studies and much attention has been brought to the influence of absorbed radiation dose on 
the crystal quality or diamond. The majority of electronic property tests after radiation 
damage have been performed by the RD42 [3] collaboration and have concentrated on 
polycrystalline CVD diamond. Such studies give quantitative results on how diamond 
behaves in high luminosity experiments, space applications and contact fabrication via ion 
implantation. In this section, we will give a brief introduction on radiation damage. More 
detailed summaries of the effect can be found in references [75, 76].
When we irradiate a material, if the irradiation is high enough in energy it may cause 
breaking of the electronic bonds between the atoms and in a more permanent manner the 
production of vacancy-interstitial pairs due to the momentum transfer between the incident 
particle and the atoms in the lattice. The displaced atoms can then knock on further atoms 
thus creating an avalanche effect. When this occurs, we say that the crystal has suffered
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radiation damage. When such damage bundle sites diffuse, more complex defect structures 
can be formed.
These complex sets of damage can influence the optical and electrical behaviour of the 
sample in irradiated but also non-irradiated sample areas, because of diffusion. Usually, the 
reported way to “repair” damaged crystals is done through thermal annealing. In diamond 
the “repair” is only possible if the defect concentration is below a certain threshold, above 
which the damaged-amorphous areas turn into graphite at higher temperatures or further 
irradiation [77, 78].
As diamond is a possible candidate monitoring detector in high flux particle experi­
ments, detailed radiation damage studies have been performed, to study the damage effect 
on detection performance. The CCE was found to remain stable up to a 500 M eV  proton 
dose of lOfis without a significant change in leakage current levels [79]. Fernandez
et al report a degradation in CCE of about 37% for polycrystalline CVD diamond after a 
fluence of 2.8 x cm~‘^ highly energetic protons [80].
After strong irradiation and due to production of vacancies, colourless and transparent 
diamond begins to gain a greenish colour; the neutral vacancy [V] ,^ also referred to as the 
GR center, acts as a deep donor level [77]. When increasing the total absorbed dose of ions, 
a luminescence signal related to the nitrogen-vacancy-nitrogen complexes can be observed 
[81]. Finally, Raman experiments on irradiated samples also confirm the deterioration of 
the crystalline structure as they show broader peak widths.
3.3.1 Therm ally stim ulated  processes
The presence of defects, due to growth parameters or radiation damage reasons, in a semi­
conducting material such as diamond may introduce a number of extra energy levels within 
the forbidden band gap. These energy levels can act as trapping centers for radiation in­
duced charge carriers within the crystal. Thermally stimulated processes (TSP) can be used 
to investigate the nature and approximate the energy of such levels. A TSP experiment 
consists of an electrical or optical property measurement (i.e. current or luminescence) as
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a function of increasing temperature. This thesis will be concerned with two types of TSP: 
thermoluminescence (TL) and thermally stimulated currents (TSC).
Chapter 4
Experim ental m ethods
In this chapter the technical details of the experimental setups used are going to be pre­
sented. The setups can be split into three general sections; optical, charge transport and 
thermal/heating experimental setups. A separate subsection on diamond device fabrica­
tion, neutron damage and thermal annealing is also included.
4.1 Optical m ethods
This section on optical methods includes three experimental setups; polarising microscopy, 
cathodoluminescence spectroscopy and Raman spectroscopy which are presented in more 
detail below.
4.1.1 Polarising m icroscopy
Polarising microscopy is the method which was used to obtain unpolarised light transmis­
sion as well as polarised light birefringence images of diamond samples before they got 
contacted and processed into a device. This method can provide single frame microscopy 
images of samples and, as diamond is a transparent material, information about the sam­
ple’s interior and surface. By employing such a method, information on the surface quality 
as well as crystallographic information can be acquired.
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Polarising microscopy is a transmission microscopy method. A commercial 50 Watt 
halogen lamp was used to emit visible light followed by the first polariser (polariser). The 
light intensity of the lamp was controlled via a current supply. In order to obtain good 
quality microscopy images the whole sample area needed to be uniformly illuminated. 
The light beam exiting the first polariser was led through the vertically mounted sample 
followed by the second polariser (analyser). The transmitted light pattern image from the 
sample was directed into a silicon CCD camera and captured using a dedicated Labview 
program. The camera used was a model CV-M50IR produced by JAI. The experimental 
setup is illustrated in figure 4.1 below.
H alogen lamp 
50  Watts
Visible light illumination
0  d egrees  parallel light
Polariser at 4 5  d eg rees
First polariser (polariser)
Bare diam ond sam ple  
m ounted vertically on 
x-y m otorised stage
S econ d  polariser (analyser)
Analyser at -4 5  degrees Silicon CCD cam era
To computer dedicated  
Labview program
Figure 4.1: Polarising microscopy experimental setup diagram viewed from the top. The 
diamond samples were mounted vertically with respect to the horizontal x-axis.
All the components of the setup were position adjustable in a single horizontal axis to 
obtain the required image magnification for each sample. In total eight samples’ images
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were acquired using polarising microscopy, all supplied by Element Six Ltd. (samples: 
Dl, D2, D3, D4, DE, DA, DB and DC). In order to verify that the diamond samples 
were spatially illuminated uniformly, the polarisers were set parallel to each other and 
transmission images were captured. The polarisers were then set crossed (i.e. 90° to each 
other) in order to obtain the polarising microscopy (birefringence) images.
4.1.2 C athodolum inescence spectroscopy m ethod
The cathodoluminescence measurements were performed at Strathclyde University in Clas- 
gow, Scotland by Dr. Paul Edwards using the Cameca SX 100 electron probe microanal- 
yser. Because of that, not much detail on the experimental method is reported. For 
samples Dl, D2 and DE, DA, DB and DC after neutron irradiation we were able to be 
present during the experiment assisting with data acquisition. For samples DA, DB and DC 
after high temperature annealing, the samples were mailed for characterisation. For each 
sample two or three point spectra were recorded. The luminescence spectra were acquired 
using a cooled CCD camera. Automatic corrections during acquisition were performed for 
the background noise and response of the detection system. In the results presented in this 
work the electrons incident on the samples had energies of 10 keV  with maximum beam 
current values of 10 nA.
4.1.3 Ram an spectroscopy m ethod
The Raman spectroscopy mapping experiments were performed in France at CNRS^ /  
CEMaC^ at Meudon in Paris. Because of that, not much detail on the experimental method 
is reported. The main points from the Raman mapping experiments are summarized below. 
A red laser was used with a wavelength of 632.81 nm. Two samples in total were mapped; 
samples D3 and D4. The Raman mapping spatial resolution for samples D3 and D4 was 
48.7 iim and 48.7 iim respectively.
^Centre National de la Recherche Scientifique 
^Groupe d’Etude de la Matière Condensée
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Figure 4.2: A general illustration of a Raman spectroscopy experimental setup [52].
According to reference [52], figure 4.2 shows a basic experimental setup used to measure 
Raman spectra. The sample is excited by a suitable laser, and the scattered light is collected 
and focussed onto the entrance slit of a scanning spectrometer. The number of photons 
emitted at a particular wavelength is registered using a photon-counting detector and then 
the results are stored on a computer for analysis. Photomultiplier tubes have traditionally 
been employed as the detector in this application, but modern arrangements now tend 
to use array detectors made with charge coupled devices (CCD arrays). By orientating 
the sample appropriately, the reflected laser light can be arranged to miss the collection 
optics. However, this still does not prevent a large number of elastically scattered photons 
entering the spectrometer, and this could potentially saturate the detector. To get around 
this problem, optical filters or a high resolution spectrometer with good stray light rejection 
characteristics can be used.
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4.2 D evice fabrication, radiation damage and therm al 
annealing
4.2.1 D evice fabrication
The fabrication of a diamond planar detector is a simple task in theory. The large band 
gap and thus high resistivity of diamond does not require material doping to suppress 
thermally activated currents. For SC-CVD high quality diamond, by applying metallic 
contacts we should get an active detection device with very low leakage current levels. All 
the SC-CVD diamond samples were fabricated by Element Six and consist electronic grade 
material. The purchased samples were cleaned and the samples’ surfaces were oxidised by 
the manufacturer. Therefore, cleaning in acetone, isopropanol (IPA) and deionised (Dl) 
water was a sufficient process for newly purchased samples before gold contact evaporation.
In order to fabricate a new diamond detector device from an already processed old one 
the following steps were followed:
1. Clean sample in aqua regia solution (H2 O2 + HCl) for 10 minutes to remove existing 
gold contacts and metallic surface contaminants;
2. Rinse sample in Dl water;
3. Clean sample in acetone for 2 minutes;
4. Rinse sample in Dl water;
5. Clean sample in IPA for 2 minutes;
6. Clean sample in Dl water using ultrasonic bath for 2 minutes;
7. Dry out sample using the N 2 gun gas.
In the case of the contactless thermally annealed samples the aqua regia step was substi­
tuted by a 20 minute cleaning in boiling (305 °C) SH2 SO 4  -f IHNOs  solution to remove 
any organic impurities and oxidise the samples’ surfaces.
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After the cleaning stage the contact and electrodes fabrication followed:
1. Thermally evaporate gold contacts on both (top and bottom) surfaces of the sample.
2. Solder wires (electrodes) on the gold tracks of ceramic substrate.
3. Mount and “glue” contacted sample on ceramic substrate using silver dag.
4. Make a connection between top gold contact and top ceramic gold track using mi­
crometer thin gold wire (wire bonding) and silver epoxy.
Before neutron irradiation and thermal annealing the samples’ surfaces were cleaned 
and the contacts were removed via the aqua regia process. The samples were then re­
fabricated into devices to study how the bulk material was affected by radiation damage 
and subsequent annealing.
Aqua regia is a strong acidic and toxic solution. It is prepared by mixing concentrated 
H NO 3  (nitric acid) and HCl (hydrochloric acid) at a 1:3 volumetric ratio. In our specific 
case the solution was produced by mixing 20 ml of H N O 3  and 60 ml oi HCl. Having mixed 
the two acids, aqua regia needs approximately ten minutes to form. A clear indication that 
the solution is ready for use is its bright yellow colour which with time becomes darker 
and finally turns orange. Once the solution has turned orange (approximately after two 
hours) it should not be further used. For device fabrication, from SC-CVD Element Six 
samples, aqua regia was used for two reasons. Firstly to clean the samples’ surfaces before 
contacting from metallic impurities. The second one was to reprocess an already contacted 
sample. Dipping a gold contacted diamond in aqua regia dissolves the gold from its surface, 
thus making it possible to contact and process the same sample many times.
The boiling (305 °C) in 3 H 2 SO4  (sulfuric acid) and IH NO 3  (pottasium nitrate) was 
performed after high temperature annealing for two reasons. Firstly to remove any organic 
impurities from the samples’ surfaces and secondly, since oxidation of the surfaces can be 
lost at 1000 °C, to re-oxidise the samples’ surfaces.
In order to turn a semiconductor sample into a radiation detector device, metallic 
contacts need to be placed on its two opposite surfaces. For the charge to be collected
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from the electrodes efficiently, a material with good electrical conductivity is needed to 
assist charge transfer from the semiconductor to the electrodes. The metal used in our 
case was gold and the contacts formed consisted of two simple planar ones. The metallic 
contacts were formed through thermal evaporation. The samples were placed in vacuum 
(1.3332 X 10“® mbar) inside the evaporator machine (Edwards E306 thermal evaporator 
produced by West Technology Systems Ltd.) and gold was thermally evaporated on their 
opposite surfaces. Typical contact thicknesses ranged between 70 — 100 nm.
After contacting a sample, ceramic substrates (with an opening in the middle) were 
chosen for the samples to be mounted upon. The reason to choose such a material is its 
excellent thermal conductivity and the opening in the middle so that the samples could 
be irradiated from both contacts’ sides, if necessary. Before mounting a sample onto a 
ceramic substrate, two wires were soldered on its gold tracks (electrodes). A red electrode 
was connected to the top contact gold track (live wire) and a black to the bottom one 
(ground wire). The electrodes were soldered onto the ceramic substrate prior to the sample 
mounting, so that solder vapour would not be deposited on the samples’ contacts.
Once the electrodes were in place, the contacted samples were mounted on the ceramics 
at a central position over the opening. The samples were glued on the ceramics via silver 
dag. Silver dag was chosen because of its good electrical conductivity and being a fast 
drying and efficient “glue”. Specific attention was paid not to cover a big proportion of 
the samples’ bottom contacts with silver and more importantly not to shorten the two 
contacts.
Finally, the samples’ top contacts were connected to the top electrode tracks of the 
ceramics in order for the device to be completed. That process was done by using a 
micrometer thin gold wire and silver epoxy to glue it on the sample’s top contact and on 
the ceramic’s top gold track. The reason for the wire’s small thickness was to assist in 
depositing as little silver epoxy as possible on the samples’ top contacts. Two types of 
silver epoxy were used. For samples Dl, D2, DE and DA, DB, DC after neutron damage 
the epoxy used needed a two hour “cure” time at 180 °C. The second type was used for 
devices DA, DB and DC after thermal annealing and only needed a ten minute “cure”
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time at room temperature. A typical radiation detection device configuration diagram is 
presented in figure 4.3.
SC-CVD
diamond
sam pleThin
Gold
T op Gold 
contact
Figure 4.3: An illustration of a typical planar, “sandwich” contact structure diamond 
device configuration.
4.2.2 R adiation  dam age param eters
Intentional radiation damage was induced for sample D5 via proton and for samples DA, 
DB and DC via neutron irradiation. The main parameters of the radiation damage pro­
cesses are briefly discussed below.
Device D5 was damaged through proton irradiation, in vacuum with its gold metallic 
contacts on and with no bias applied. Six selected rectangular (from A to F) areas on its 
surface were irradiated with ascending proton doses (from 10^  ^ to 5 x 10^  ^ cm~^) using the 
University of Surrey Ion Beam facility. The beam’s energy was 2.5 M eV  and in order to 
increase the induced proton damage the beam’s current was increased. The summary of 
the total dose received by each rectangle is provided in table 6.1.
Before neutron irradiation on devices DA, DB and DC the gold evaporated contacts 
were removed via the aqua regia process to avoid their damage, which could potentially
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influence and deteriorate subsequent electrical measurements. The bare samples were sent 
to the VIPER facility for neutron irradiation by AWE (Atomic Weapons Establishment). 
The samples were irradiated with one to eleven 0.4 ms  long neutron pulses emitted during 
fusion with a broad energy spectrum that peaks at approximately 0.7 MeV. The re­
ceived fluences were 1 x cm~^, 2 x cm~^ and 1 x cm~^ for samples DA, DB and
DC respectively. The samples were re-contacted as described above after the irradiation 
and devices were fabricated in order to perform electrical characterisation experiments.
4.2.3 H igh tem perature annealing
Before performing thermal annealing once again the gold evaporated contacts were removed 
via the aqua regia process. The bare samples were inserted into a quartz cylinder inside 
a furnace (model GSLllOOX produced by MTI corporation, figure 4.4) in vacuum (10“  ^
mbar). The samples were annealed for 10 hours at 1273 K. Initially the temperature 
increased from 300 K  to 1273 K  in 100 min  and then the temperature remained constant 
at that value for the following 600 min. After thermal annealing all samples were cleaned 
via the process described above using the boiling in sulfuric acid step instead of the aqua 
regia one to remove any organic surface impurities. The samples were then contacted and 
devices were fabricated according to the standard method described above.
4.3 Charge transport m ethods
This section on charge transport methods includes the description of three experimental 
setups; current voltage characteristics, a-particle spectroscopy and time of flight measure­
ments. These are presented in more detail below.
4.3.1 Current-Voltage characteristics m ethod
When applying a voltage across a detector device, current flow is generated within the bulk. 
The voltage dependent steady state current flow, /(V ), through the samples was measured
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Figure 4.4: Cylindrical quartz tube furnace used for annealing. Model GSLllOOX produced 
by MTI corporation [82].
using a Keithley 487 pico-Amperometer, which was also used as the bias supply. Such a 
method is called a cur rent-volt age or I-V measurement. The sample is placed within a 
Diecast metallic box and is connected in series with a 10 kQ resistor to protect the circuit. 
All the investigated samples have much larger resistance values of several MQ and even 
higher. Hence, the behaviour of the I-V curve provides us with information on the nature 
of the metallic contacts as well as the dark current characteristics of each device tested.
The setup was controlled via a dedicated Labview program. Before starting each scan, 
a “freerun” measurement was always performed for the maximum applied positive and 
negative bias values. A “free-run” consists of measuring the time duration for the current 
to reach a minimum plateau region when applying the maximum bias values. By measuring 
this time, it can then be inputed in the program as a waiting time for the scan session. 
This way, the recorded current values are extracted from a stable and not decaying current 
state. All I-V measurements were carried out in air and in darkness. Figure 4.5 shows a 
“freerun” example from a SC-CVD diamond device (device D2). The current decreases 
and reaches a minimum current plateau within 30 s.
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Figure 4.5: Example of a “freerun” acquisition for device D2 at —12500 V/cm  for 30 s. 
The current reaches a minimum plateau current in a very quick time interval.
4.3.2 A lpha particle spectroscopy m ethod
The cryostat configuration utilised in this experiment included a MicrostatN produced by 
Oxford Instruments for optical experiments at liquid nitrogen temperature. The cryostat 
is a continuous flow nitrogen cooled cryostat with a heatable sample stage. The pressure 
within the chamber can be kept below 10“  ^mbar to avoid condensation on the sample. The 
temperatures that can be reached vary between 100 K  and 320 K. The upper temperature 
limit is set by university radiation regulations since a radioactive source is placed within 
the chamber for the measurements. All (U-particle spectroscopy experiments were carried 
out at room temperature in vacuum. The cryostat has been modified by the Physics 
Department workshop and an electrical two pin output had been installed, through which 
the electrical signal of the detector was collected. To minimise noise the electrical output 
was collected via a vacuum compatible coaxial cable leading to a BNC cable and finally 
the pre-amplifier.
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Figure 4.6; An illustration of the alpha particle spectroscopy system [35].
In the a-particle spectroscopy setup the bias for the detector was applied via a charge 
sensitive Ortec type 142 A pre-amplifier. The bias was applied through the detectors’ 
top contacts with the bottom ones being set to ground. The samples were irradiated 
using a source through its top electrode, with 5.48 M eV  a-particles. Measurements
performed by Gary Strudwick showed that the actual peak energy of the source
was 4.95 MeV. The cause of this energy difference is probably a protective material layer 
existing at the bottom part of the a-particle source. The activity of the radiation source 
was approximately 185 kBq and it was placed at % 5 mm  away from the sample surface 
within the cryostat. The vacuum levels during the experiment were kept slightly below 
10“  ^ mbar using a rotary pump, to prevent the a-particles losing energy before “hitting” 
the detector. The output signal of the charge sensitive pre-amplifier (bottom-part pulse in 
figure 4.6) was passed on to an Ortec 570 shaping amplifier (top-part pulse in figure 4.6). 
The amplitude of each pulse was then digitised using a multi-channel analyser (MCA) and 
a computer with a dedicated program acquired the pulse height spectra (PHS). In this way 
we were able compare the intensity between spectra acquired quantitatively.
The pulse amplitudes were calibrated in terms of charge collection efficiency using either
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an external or internal charge terminator. The reliability of this method was confirmed by 
comparing the calibration with the induced charge signals of a 100% efficient silicon PIN 
diode. The average energy values used for creating an electron hole pair, Wehp, were 3.6 
eV  for silicon [36] and 13.2 eV  for diamond [16]. A dedicated Gaussian fitting Labview 
program was used to fit the acquired spectra and extract the energy centroid peaks.
4.3.3 T im e of flight m ethod
For this experiment a separate, low activity ^^^Am (5.48 MeV) a-source was used to 
irradiate the detectors. The source was mounted on a plastic holder over the detector within 
a cryostat in vacuum or a Diecast box in air. Most room temperature measurements were 
performed in air, while for low temperatures the cryostat was used. At low temperatures, in 
order to avoid condensation within the cryostat, measurements in high vacuum levels (10"^ 
mbar) were performed via a rotary and a turbo pump built by Oxford Instruments. The 
continuous flow of liquid nitrogen into the cryostat was manually set to a constant level, 
and the desired temperatures (200 K  - 320 K) were reached through a heater-temperature 
controller system built by Oxford Instruments. For room temperature measurements, and 
since we were only interested in the detectors’ timing properties, a Diecast box was used 
to case the radiation source and detectors.
The signal from the detectors was lead through an SMA type cable into a DBAIV cur­
rent sensitive pre-amplifier (more information on the DBAIV pre-amplifier can be found 
in reference [4]). In some cases an ORTEC VT120A pre-amplifier was also used for pre­
amplifier comparison reasons. In both cases the pre-amplifiers had excellent timing resolu­
tion (below 1 ns), gain of 46 dB and were powered through a DC power supply with ±12 
V. Figure 4.8 shows a-particle induced current pulses acquired by a silicon PIN diode, at 
—10 V, placed inside a Diecast box in air, using a DBAIV pre-amplifier. The change of 
the signal amplitude according to different gain settings can be observed. The diamond 
detectors were biased through either a NIM rack or a remotely controlled power supply and 
the amplified signal was lead into a 20 GS/s Tektronix (TDS7254B) digital oscilloscope.
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Figure 4.7: A diagram of the ToF experimental setup. The cn-particle source and diamond 
detector are cased within a temperature controlled cryostat in vacuum.
A schematic diagram of the ToF setup is presented in figure 4.7.
For each applied bias step 200 single current pulses were recorded. The analysis was 
performed via a dedicated Labview program written by A. W. Davies and modified by 
Prof. P. Sellin and myself. For each single rr-particle induced current pulse, the drift time 
was extracted by measuring its forward width at half-maximum (FWHM). This ensured 
that we triggered at the center of the drifting charge cloud, as well as avoiding electronic 
artefacts near the rising and falling edges of each pulse. Thus, for each applied bias step a 
histogram was built with 200 drift time values. The centroid of each histogram was found 
by an averaging method. Despite that, by using gating we were able to actually trigger 
on the highest amplitude histogram value by excluding erroneous values. Figure 4.9 shows 
two figure captions from the Labview ToF analysis software. It illustrates two histograms
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Figure 4.8: Silicon PIN diode ToF current pulses using the DBAIV pre-amplifier. Different 
gain settings are illustrated. The gain used for all diamond ToF measurements was 46 dB.
obtained from SC-CVD diamond device D2, at room temperature, for hole transport at 
+200 V  and +500V applied bias. The x-axis represents the pulses’ FWHM drift time 
values. The 100% maximum corresponds to a drift time of 20 ns. The y-axis represents 
the counts measured for each drift time. We can observe that at 200 V  applied bias a 
broad histogram is obtained and thus the gating for the averaging algorithm is selected to 
be 20% (4 ns) to include all data points. At 500 V  a much narrower histogram is obtained 
and thus the gating for the averaging algorithm can be reduced to 4% (0.8 ns).
4.3.4 R oom  and high tem perature W-ray photocurrent setup
V-ray photocurrent measurements were performed at room and high temperatures, in vac­
uum using the experimental setup shown in figure 4.10(a). The X-ray beam was produced
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Figure 4.9: Two figure captions from the Labview ToF analysis software, illustrating drift 
time histograms for hole transport at 200 V  and 500 V, obtained from SC-CVD diamond 
device D2. The width of the histogram distribution, and thus averaging gating used, 
becomes narrower with increasing applied bias.
by a series 5000 Oxford Instruments molybdenum target X-ray tube and the current was 
read through a Keithley 487 pico-Amperometer. The temperature was controlled and read 
using a Eurotherm type 2416 temperature controller/programmer. The heating of the 
copper cylindrical block was achieved via a Mica insulated nozzle heater produced by RS 
components and designed to work up to a maximum of 573 K. In all measurements the 
X-ray tube was operated at maximum settings (50 kV  maximum anode voltage and 1 
mA  maximum anode current) and was cooled externally using a fan situated over it. The 
experiment was controlled and data was acquired using a dedicated Labview program.
Each device was placed inside a high temperature chamber (approximately 1 m in 
height) and was kept in vacuum (< 10“  ^ mbar) via a rotary vacuum pump. The chamber
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Figure 4.10: ((a) left part) High temperature photocurrent experimental setup diagram 
viewed from the side, ((b) right part) Schematic diagram of a diamond device clamped on 
the copper ring holder specifically designed for this experiment.
was initially built for annealing and optical experiments and we subsequently modified 
it to suit electrical characterisation experiments. A metallic flange with an electrically 
isolated BNC connector was installed on the chamber in order to ouput the T-ray induced 
photocurrent signal. Since the chamber was entirely metallic the BNC output connector 
had to be electrically separated from it to reduce the electronic noise levels. Single core 
wires were used to connect the diamond devices to the BNC connector. The wires’ plastic 
insulation was removed as it may have melted at high temperatures. While on one end the 
wires were soldered on the inside part of the BNC connector, on the other end they were 
clamped onto the device’s ceramic substrate gold tracks via the device holder, using two 
copper arms with clamping screws at their. The specifically designed ring shaped holder
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is illustrated in figure 4.10(b). The clamping process was necessary as solder melts at high 
temperatures.
The experimental setup was positioned parallel to the vertical axis with respect to the 
floor level. The X-ray tube, which pointed downwards, illuminated the chamber and thus 
the diamond device placed centrally inside it. The a:-ray beam was attenuated via the glass 
window entrance of the chamber before reaching the diamond device. By operating the 
X-ray tube at maximum settings, the dose received by each sample with the glass window 
removed in air was 6.971 Gy/min^ while with the glass window in place, in vacuum the 
dose decreased to 17.689 cGy/min. The dose rates were measured by using an ionisation 
chamber. Thus the glass window caused severe attenuation (97.4%) and beam hardening. 
The copper hollow cylindrical heater was fixed just below the copper block top part of 
the metallic stand, in order for the device holder to slide and be clamped on the copper 
heater for better heat conduction. This way, the diamond device’s ceramic substrate was 
in direct contact to the heater block. The thermocouple reader was fixed at the bottom of 
the copper block top part of the metallic stand. Measurementes performed using a separate 
thermocouple confirmed that the temperatures of the diamond device’s ceramic substrate 
matched the thermocouple’s values within ±3%.
4.4 IBIC and the Surrey M icrobeam  facility
4.4.1 A ccelerator and M icrobeam  cham ber
The University of Surrey Microbeam line is attached to a 2 M V  Tandetron accelerator 
built by High Voltage Engineering Europe. The beam is focussed using a quadrupole 
triplet from Oxford Microbeams Ltd. [35]. The vacuum levels inside the chamber are kept 
below 10"^ mbar. The samples are mounted on a copper cold finger and they can be cooled 
down to liquid nitrogen temperatures. The temperature of the holder is monitored using 
a platinum thermo-resistor. Furthermore, a heater device is placed to the sample stage, 
so that we can automatically set temperatures ranging between 100 K  and 300 K. An
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illustration of the top view of the Microbeam chamber is presented in figure 4.11. Inside 
the chamber numerous systems are installed. There is an x-ray detector to detect PIXE 
(Particle Induced X-ray Emission) and a silicon surface barrier detector for the detection 
of back scattered ions. STIM (Scanning Transmission Ion Microscopy) is implemented by 
a silicon PIN diode placed at the back of the chamber next to a Faraday cup, used in 
estimating the beam current.
Ion beam Faraday cup
sample
RBS detector 
(above the ^
ion beam ) y/'"
Figure 4.11: A sketch of the Microbeam chamber [35].
According to the IBIC (Ion Beam Induced Current) operation, the sample is scanned 
by the beam raster quickly in the vertical direction and slowly in the horizontal. We can 
record a maximum of 256 x 256 pixels per map. The beam size can be experimentally 
measured by scanning a copper grid, within the chamber, of either 25 //m or 12.5 firn 
pitch. The intensity of the signal coming from the copper in an RBS (Rutherford Back 
Scattering) or PIXE spectrum increases when the beam moves from a ’blank’ square onto
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the copper of the grid. The spot size of the beam can be defined as the signal’s intensity 
increase from 10% to 90% of its maximum value. The beam spot has a rectangular shape 
with dimensions between 3 and 4 fim. During IBIC of a typical semiconductor detector the 
beam current used is in the order of fA .  Such a current is not sufficient to acquire RBS or 
PIXE spectra with sufficient statistics. Thus, the beam size is found by employing higher 
beam currents and then reducing the beam in size by closing the two sets of slits along 
beam line. So, it is frequently the case that the beam’s spot size during the experiment is 
much smaller than the measured maximum size [35].
4.4.2 IBIC
The electronic experimental setup for a conventional IBIC experiment is similar to the one 
described for cK-particle spectroscopy previously in section 4.3.2. The sample is connected 
to an Ortec 142 A charge sensitive pre-amplifier, which is placed outside the Microbeam 
chamber. The output of the pre-amplifier is then taken through into an Ortec 572 shaping 
amplifier and finally pulse amplitudes are digitized by an MCA. At the same time, we can 
record the pulse height of an event and the X-Y position of the beam scanning unit. The 
pulse height images (maximum size 256 x 256) are calculated by averaging the recorded 
pulse heights in each pixel through the dedicated Omdaq software [35]. Such images are 
calibrated in CCE terms as mentioned previously in section 4.3.2.
Contrary to analogue IBIC, digital IBIC has the ability of maintaining the time resolved 
information of each induced charge pulse shape. The charge pre-amplifier output is passed 
to an Ortec 579 fast filter amplifier and then the pulse shapes are digitized using an Acquiris 
digitizer with a maximum sampling rate of 500 M S /s  (i.e. a 2  ns minimum time interval 
between two samples). The data is stored event by event [35]. Therefore, with digital 
IBIC we can obtain information in the spatially resolved version of the induced transient 
measurements. An exra advantage of the digital system is that it can process the incoming 
events up to 1000 times faster than the a-particle laboratory system. Such a speed is 
necessary in order to exploit the higher event rate of the ion beam compared to a
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a-source. Tha analysis of the IBIC data presented in this thesis was kindly provided by 
A. Lohstroh.
4.5 H eating m ethods
Two heating methods were employed in the characterisation of neutron damaged SC-CVD 
diamond devices; the thermally stimulated current (TSC) and thermoluminescence (TL) 
techniques. TSC can be listed as an electrical characterisation technique since it required 
contacted and fabricated diamond detector devices and measured thermally induced cur­
rents, while TL as an optical characterisation technique since uncontacted and cleaned 
diamond samples were heated to produce luminescence. The experimental setups proce­
dures of these two techniques are discussed below.
4.5.1 Therm ally stim ulated  current m ethod
The same experimental configuration described for high temperature x-my photo current 
measurements (section 4.3.4) was also used for TSC measurements. The only difference was 
that in order to maximise the dose received by the diamond devices in the least amount of 
time, the glass window was removed and both the irradiation and TSC steps were carried 
out in air instead of vacuum.
The diamond device was biased at a certain applied E-field and irradiated using the x- 
ray tube at maximum settings for a number of minutes to induce “priming” or “pumping”. 
Then, while keeping the applied E-field constant, the x-ray tube was switched off and 
the temperature was increased up to a maximum temperature of approximately 550 K  
at a constant heating rate. TSC results are going to be discussed only in a qualitative 
way, since the ceramic substrate gold tracks as well as the silver dag used in the device 
fabrication process would decay after a few heating/cooling circles causing damage to the 
device and hence experimental repeatability and consistency problems. A possible future 
improvement on this experimental technique is discussed in chapter 7.
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4.5.2 Therm olum inescence m ethod
For TL measurements all the characterised samples were cleaned according to section 4.2.1 
before the experiment. Each sample was wrapped in foil paper in order to be kept in 
darkness during “priming” by x-ray irradiation. The x-rays were produced by the Oxford 
Instruments series 5000 molybdenum target x-ray tube, which was operated at maximum 
settings. Each tested sample received a dose of approximately 21 Gy within one minute.
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Figure 4.12; Image of the Toledo 654 TLD reader.
The wrapped in foil paper, “primed” samples were then carried to a Toledo 654 ther­
moluminescent dosimeter (TLD) reader (figure 4.12). They were carefully unwrapped and 
inserted in the machine to limit their exposure to light. The TLD reader machine increased 
the temperature of the tested sample, via Nitrogen gas heating, up to a maximum of 673 K  
at a set constant heating rate. The number of photons per temperature step were recorded 
using the machine’s dedicated software. No spectroscopic information could be extracted 
by this experiment. The heating rate of choice was 10 A /s, as it provided the highest S/N 
ratio we could achieve.
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The “Glow-fit” software was used to analyse the recorded glow-curves and extract the 
trapping level activation energy for each fitted glow-peak. The “Glow-fit” software was 
developped by M. Puchalska and P. Bilski [83] and consists of a TL deconvolution program 
using the first-order kinetics model of Randall and Wilkins [84]. The accuracy of the 
software’s theoretical fit to the experimental data is determined by the figure of merit 
(PGM) value. A PGM value below 5% indicates an acceptable fit to the experimental 
results. A more detailed mathematical description of the software’s basis and function can 
be found in Appendix A.
Chapter 5
SC-CVD diamond characterisation
This chapter focuses on the experimental characterisation of a number of electronic grade 
SC-CVD diamond samples provided by Element Six Ltd. Initially, characterisation through 
optical experiments is presented in order to discuss the diamonds’ crystal quality. Such 
experiments include polarising microscopy images, Raman spectroscopy mapping as well as 
CL spectroscopy. The second part of the chapter deals with the electronic characterisation 
of the SC-CVD samples. Since charge transport of diamond is strongly limited by grain 
boundaries, synthetic high quality SC material offers the capability to study the electrical 
properties independent of grain boundaries. The experiments performed to determine the 
electronic properties of the SC-CVD diamond samples were I-V characteristics, a-particle 
spectroscopy and a-particle induced ToF.
The samples studied in this chapter are four SC-CVD electronic grade diamonds; sam­
ples Dl, D2, D3 and D4. The dimensions of samples D1 and D2 were 4mm x 4mm x 
400)Um, while of samples D3 and D4 of 5mm x 5mm x 500//m. All crystals were grown 
through the microwave assisted CVD technique on (100) oriented HP/HT diamond sub­
strates. The samples were cut and separated from their substrates using a laser and their 
surfaces were polished. The most common atomic impurities in diamond are nitrogen and 
boron. According to the manufacturer’s standard specifications, the atomic concentrations 
of these two elements within the diamond crystals are typically [N] < 5ppb and [B] < Ippb.
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Samples Dl and D2 were studied through both optical and electrical characterisation ex­
periments. Samples D3 and D4 were studied only via optical experiments for crystal quality 
comparison reasons, since they consisted of the same grade material.
5.1 Crystal quality - optical properties results
5.1.1 Polarising m icroscopy and R am an spectroscopy m apping  
results
Polarising microscopy results
The experimental configuration assembled to produce the polarising microscopy images 
presented in this section is described in detail in chapter 4. Four SC-CVD diamond samples 
were studied and are being presented here; samples Dl, D2, D3 and D4. Two of them 
(samples D3 and D4) were also tested at CNRS/CEMaC institute in Meudon, France via 
a commercial polarising microscopy system (Nicon Eclipse ME600 model).
For each SC-CVD diamond sample, images were captured with the polarisers “par­
allel” as well as with the polarisers “crossed”. The term “crossed” simply means that 
the polarisers are set 90 degrees to each other. Acquiring images with the polarisers set 
“parallel” (i.e. a simple transmission image) allowed to check the light source’s intensity 
and spatial uniformity over each sample. Hence, by modifying the illumination to obtain 
optimum uniformity, the polarisers were set to “crossed” mode in order to capture the 
polarising microscopy images. The figures presented below illustrate the images acquired 
at the University of Surrey polarising microscopy setup. The left hand side images show 
the “parallel” mode transmission microscopy images, while the right hand side ones the 
“crossed” polarising microscopy features.
The numerous dark, spot-sized marks observed in the transmission microscopy images 
are actually small dust grains, which appeared during sample transport/ mounting on the 
experimental holder and unfortunately could not be removed. From these images we can
CHAPTER 5. SCLCVD DIAMOND CHARACTERISATION 92
observe that all samples were illuminated uniformly, not causing any obvious artefacts when 
inspected by the naked eye. Figure 5.1 shows images acquired from samples Dl (top) and 
D2 (bottom) and figure 5.3 from samples D3 (top) and D4 (bottom). A technical remark 
concerns the distinct dark rectangular inserts at the sides of some of the images. Such 
shapes appear in samples D3 and D4 and are caused by the metallic clamps holding the 
samples in place onto the X-Y vertical motorised stage.
Figure 5.1: Transmission microscopy images (left hand side) and polarising microscopy 
images (right hand side) for samples Dl (top) and D2 (bottom).
Commenting on the physics of the “crossed” polariser images, the darker parts of an 
image imply small, while the bright sections or shape configurations large birefringence 
levels. Thus, we can say that strain being the cause of the observed birefringence scales
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with the brightness of the image. Observing the samples’ edges, it is easily noticed that they 
appear brighter than the central sample sections and may present bright stripe patterns. 
This should be expected, as the edges of the samples have undertaken larger amounts of 
stress and strain during the growth and laser cutting processes by the manufacturer. The 
most characteristic features illustrated in these images though, are the numerous bright 
cross-shaped features which appear in all samples (figure 5.2). From this fact and from 
information supplied by the diamond growth company (Element Six Ltd.), we can deduce 
that the samples were grown parallel to the (100) crystallographic direction and were laser 
cut normal to the growth direction. It is well known that such bright four-petal features are 
attributed to dislocation bundles extending parallel to the growth direction of the samples. 
While such a pattern could also be attributed to the presence of spherical inclusions, the 
fact that it is invariant under crystal rotation about the (001) proves that it is caused 
by a dislocation bundle [51]. The spherical inclusion case can also produce a four-petal 
pattern with dark arms along the polariser directions but would not rotate with the crystal. 
Dislocations are known to act as recombination centers for electrons and holes, and the 
limited presence of bundles in our samples shows their good crystal quality. In the case of 
sample D3 which includes the largest number of dislocation bundles, a total of five bundles 
are observed, equivalent to a density of < 100 cm~^, as well as bright lines near the edges 
due to strain.
Two samples (D3 and D4) were also tested through a second microscopy setup at 
CNRS/GEMaC in France. Figure 5.3 presents a comparison between the polarising mi­
croscopy images acquired at Surrey and France. For the first sample (D3 (top)), patterns 
marked with the letters A, B, C and D correspond to dislocation bundle cross-shaped (or 
four-petal shaped) patterns which are observed in both images. Additionally, the patterns 
marked as E and F show edge strain induced birefringence. The second sample (D4 (bot­
tom)) appears to be nearly free from any kind of significant visible dislocation patterns, 
showing mainly edge-strain birefringence.
Despite the fact that the SC-CVD diamonds were not tested with their surface planes 
facing the same direction in the two systems, it is more than obvious that we get excel-
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Figure 5.2; Enlarged image of a typical four-petal dislocation bundle pattern from sample 
D3.
lent agreement between the different setups’ images. Such a comparison of our assembled 
system with a commercial setup is a good manner to validate our system’s successful op­
eration. It is also noticeable that the four-petal structures rotate with crystal rotation 
validating thus the dislocation bundle approach. The images were not rotated to be pre­
sented parallel to each other on purpose, in order to stress the rotation of the dislocation 
bundle features with sample rotation. Finally, by simple observation we can claim that 
our non-commercial setup has the ability to provide better image contrast and thus en­
hance the birefringence patterns appearing in the polarising microscopy images, when we 
compare it with the commercial CNRS/GEMaC system.
R am an spectroscopy m apping results
As mentioned earlier, a single narrow Raman signal found at 1332 cm~^ usually indicates 
high quality material. For diamond it indicates sp^ bonds rather than graphitic spi^  bonded
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Figure 5.3: University of Surrey (left hand side) and CNRS/GEMaC (right hand side) 
polarising microscopy images for samples D3 (top) and D4 (bottom). For sample D3, 
similarities in dislocation and edge stress patterns are labeled with capital letters. Sample 
D4 does not present substantial birefringence features.
carbon. High quality films as well as natural diamond samples show a Raman peak width 
of approximately 2.5 cm~^ [85]. The motivation to perform Raman measurements is to 
verify the crystal quality of the electronic grade type SC-CVD diamond presented in this 
thesis.
Two samples were mapped through the Raman spectroscopy system at the CNRS/GEMaC 
institute in France; samples D3 and D4. A red laser was used as an excitation source with 
a wavelength of 632.81 nm. For each sample, two maps were produced. The first one 
presenting the peak position and the second one indicating the peak’s FWHM value. In­
teresting similarities can be observed when comparing the samples’ polarising microscopy
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Figure 5.4: Sample D3 FWHM map. Average FWHM value of 1.85 cm'
images with the peak position Raman maps. Due to their large area (5 mm x 5 mm), the 
samples were mapped with a spatial resolution of 48 /im per pixel.
Samples D3 and D4 exhibited average pixel FWHM of 1.85 cm~^ and 1.78 cm~^ respec­
tively, showing very high diamond crystal quality levels. The FWHM maps are presented 
in figures 5.4 and 5.5. In terms of Raman peak position mapping both samples’ peaks 
were centered at 1332 cm~^ ±  0.3 cm"^, again proving exceptional quality. The Raman 
peak position maps are presented along with their polarising microscopy images, as several 
similarities are observed, in figures 5.6 and 5.7.
The stress and dislocation induced birefringence can be seen in the Raman peak position 
map and is nearly always larger than 1332 cm~^ by -HO. 15 cm~^ for sample D3. The thick 
green stripe appearing on the top part of the peak position Raman map of sample D3 
and most erroneous features are attributed to the fact that there was no control over the 
sample’s temperature during the scans. In conclusion, both samples illustrate exceptional
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Figure 5.5: Sample D4 FWHM map. Average FWHM value of 1.78 cm \
Figure 5.6: Sample D3 birefringence image (left) and Raman peak position map (right).
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crystal quality levels with sp^ diamond bonds dominating through the crystal. The FWHM 
values are lower than 2.0 cm~^ and the Raman peak positions are for nearly all pixels very 
close to 1332 cm~^, with the maps showing good correlation to the polarising microscopy 
images.
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Figure 5.7: Sample D4 birefringence image (left) and Raman peak position map (right).
5.1.2 C athodolum inescence spectroscopy results
The CL experiments for samples Dl and D2 presented in this section were performed at 
Strathclyde University in Glasgow with Dr. Paul Edwards, as described in chapter 4, who 
is an expert at running the CL hardware and software. Due to time limitations mapping 
of the samples was not possible, hence only a few point spectra at different positions per 
sample were recorded. Furthermore, because no extensive study was performed, we try to 
identify the most obvious and well known CL peaks appearing in the spectra. For CVD 
diamonds, there are still today numerous CL centers whose structural origin has not yet 
been identified. The aim of performing CL spectroscopy is to obtain further insight in the 
samples’ crystal quality before moving to the electrical characterisation sections. Both SC- 
CVD diamonds Dl and D2 were purchased to be the same extremely pure grade of material
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and should demonstrate similar electrical as well as optical properties. Furthermore, the 
manufacturer claims that they both emerged from the same growth “batch” which enforces 
the belief that they should present similar characteristics. For samples Dl and D2 three 
and two point spectra were recorded, respectivley.
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Figure 5.8: Three cathodoluminescence point spectra from sample Dl.
Figure 5.8 illustrates three point spectra recorded from sample Dl. The main peaks 
and bands observed are discussed below.
• 235.3 nm  free exciton peak (5.27 eV) (point spectrum 3): this band-edge emission 
together with a possible second peak at about 242.1 nm  (5.12 eV), which is not 
very clear due to low signal to noise ratio, are caused according to Dean et al [86], 
Watanabe et al [87] and Kawarada et al [88] due to intrinsic emissions attributed 
to free-exciton recombination radiation associated with a transverse optical phonon 
(5.27 eV) and its replica (5.12 eV). At room temperature, free excitons can only be 
observed in very high purity samples. This is because possible impurities release free 
electrons and holes that can screen the Coulomb interaction in the exciton and hence
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strongly reduce the binding forces.
• 425 nm  band A (2.92 eV) (point spectra 1 and 2): the broad luminescence band 
observed in the violet region of point spectra 1 and 2 is well known as band A 
luminescence and has been observed in many natural and synthetic diamonds. The 
origin of band A luminescence has been linked with deep donor-acceptor pairs (boron 
and nitrogen respectively) [57], as well as dislocation lines parallel to the light’s 
direction [59, 89]. The fact that the observed peak is on the low wavelength and 
hence high energy part of the usual band A luminescence provides further evidence 
on the high purity of the sample. Band A luminescence is only observed in only two 
out of three points. This enhances the dislocation origin theory of the band. Sample 
Dl is low in dislocation bundle density and thus it is possible to “hit” a spot free of 
dislocations. This claim will be enforced when analysing the CL spectra of sample 
D2 which is even more “dislocation free”.
• 470.32 nm  TR12 peak (2.64 eV) (point spectra 1 and 2): the centroid of the peak 
observed in both spectra 1 and 2 is at approximately 2.64 eV  and because its signal 
to noise ratio is low we cannot be certain of its origin. The mostly reported defect 
at such an energy is known as the TR12 centre. Its structure is not clear and it 
is estimated to include six carbon atoms or more [90]. It is also reported that its 
intensity will increase with electron irradiation [91].
• 482 nm  vibronic band of TR12 (2.57 eV) (point spectra 1 and 2): Collins and 
Mohammed [92] have described this broad peak to be associated with transitions at 
a very strong coupled vibronic centre and that because of the strong electron-phonon 
coupling the zero phonon line (ZPL) is made undetectable. On the other hand, 
lakoubovskii in his thesis [90] claims that the broad peak centred at about 2.57 eV 
may be the first vibronic band of the TR12 centre. A similar structure was seen in 
absorption spectra by Davies et al [93] suggesting that this is a vibronic feature and 
not an underlying ZPL.
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• 533.3 nm  nitrogen related center (2.326 eV) (point spectra 1, 2 and 3): this peak’s 
origin is not completely clear. It is probably associated with a nitrogen-vacancy 
centre [94, 89, 95, 96].
• 575 nm  nitrogen center (2.156 eV) (point spectra 1, 2 and 3): this is a well known 
and studied luminescence ZPL peak originating from a single nitrogen atom forming 
a neutral nitrogen-vacancy center [{N — V)°] [97, 89, 95, 98, 96].
• 600 nm  broad vibronic band (2 eV) (point spectra 1, 2 and 3): this band consists of 
a vibronic spectrum [93, 98, 96] with a ZPL at 2.156 eV. We can observe that the 
relative heights of band A and the 575 nm  vibronic band vary greatly for different 
point spectra. The change in the relative height of band-A presumably reflects a 
variation in dislocation density [99], while intensity variation in both band A and the 
575 nm  band arise from differences in the incorporation of nitrogen [89].
Figure 5.9 illustrates two point spectra recorded from sample D2. The most striking 
feature of these two spectra is the apparent absence of the band A luminescence signal, 
similar to what was observed for point spectrum number 3 of sample Dl. As shown in the 
polarising microscopy images (section 5.1.1), although both samples show a low dislocation 
bundle density, when comparing the two, D2 seems to include the least amount. A similar 
effect was observed by Hayashi et al and Graham et al [95, 89] who claimed that the absence 
of band A signal shows a dislocation free area. Despite not having full CL mapping data, 
we can assume that our sample’s low dislocation density is the main reasoning behind the 
disappearance of the band A luminescence signal. Various studies have been published 
claiming the same relation between band A and dislocations [100].
Similar to sample Dl, we observe the free exciton double peak at 235.3 nm  and 242.1 
nm  (5.27 eV and 5.12 eV respectively), the weak in intensity TR12 center at about 470 
nm  (2.638 eV), the nitrogen-vacancy related peak at 533 nm  (2.326 eV) and the second 
nitrogen-vacancy centre at 575 nm  (2.156 eV) together with its broad vibronic band cen­
tered around 600 nm  (2.07 eV). The origin of the “shoulder” appearing in both point
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Figure 5.9: Two cathodoluminescence point spectra from sample D2.
spectra just before the 575 nm  nitrogen-vacancy center at approximately 555 nm  is not 
clear.
5.1.3 SC -C V D  diam ond crystal quality conclusions
Three optical experimental results are presented to determine our samples’ crystal qual­
ity. Birefringence images reveal edge dislocations as well as four-petal dislocation bundle 
structures in all samples. The four-petal dislocation bundles appear parallel to the growth 
(100) direction and low in concentration. Both samples Dl and D2 exhibit free exciton 
luminescence at room temperature, which is an indication of very good quality and high 
purity SC-CVD diamonds. Despite that, the signature of nitrogen-vacancy centers is clear. 
Thus both samples contain nitrogen, but according to the manufacturer the concentration 
is extremely low. The partial and total absence of any band A luminescence signal for point 
spectrum 3 of sample Dl and all spectra of sample D2 respectively, is an indication of a 
probable link between dislocations and band A luminescence since both samples appear
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low in dislocation density. SC-CVD diamond samples D3 and D4, which consist of crystals 
with similar characteristics and quality as Dl and D2, were examined via Raman spec­
troscopy mapping, exhibiting exceptional diamond crystal quality levels with sp^ diamond 
bonds dominating through the crystal over the graphitic carbon.
5.2 Characterisation of electrical properties
In this section, SC-CVD diamond detector devices Dl and D2 are characterised via elec­
trical experiments to assess their performance as radiation detectors and determine their 
charge transport characteristics. The experimental results presented are divided into three 
sub-sections. Initially current voltage characteristics and a-particle spectroscopy results 
are discussed as a first characterisation basis. Secondly, brief IBIC micrometer spatial 
resolution mapping results of a similar grade and crystal quality SC-CVD diamond sample 
(SC-CVD diamond D5) are presented, to test the spatial uniformity. Finally, a-particle 
induced ToF studies at room and low temperatures are presented to gain further insight 
in the charge transport and scattering processes within the crystals Dl and D2. The ex­
perimental setups’ details and the planar, “sandwich-structured” , evaporated gold-contact 
detector fabrication are discussed in chapter 4.
5.2.1 C urrent-voltage characteristics results
Because of its high band gap value (5.48 eV), the probability of finding an electron in the 
conduction band of an intrinsic, defect-free diamond at room temperarure as a result of 
thermal excitation is very low. Hence in an idealised case, thermal conduction is negligible. 
On the other hand assuming the presence of crystal defects, then increased dark currents 
may be observed. In case of shallow acceptor or donor levels which can be thermally 
activated at low energies, dark current values higher than the intrinsic case are observed.
Current-voltage (I-V) characteristics usually consist the first method of diamond de­
tector characterisation. The main aim is to evaluate the bulk material’s dark currents at
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different applied E-fields and thus the resistance. Futhermore, I-V graphs can produce the 
detector’s safe operating bias range. The safe bias working range of a detector is defined 
as the applied field continuum within which electrical breakdown is avoided. All I-V mea­
surements were performed at room temperature, in air and within a dedicated low noise, 
Diecast aluminum box. Moreover, all diamond samples had oxydised surfaces prior to 
the gold contact evaporation ( 3 x 3  mm? rectangular symmetric contacts of 70 nm  thick­
ness). This means that despite the fact that no guard-rings are employed, the oxydised 
surfaces help in limiting the surface leakage-currents to small amounts, hence making an 
I-V measurement to result in mostly bulk material characterisation.
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Figure 5.10: I-V characteristics for devices Dl and D2. Very low dark current values are 
observed, below the pA level.
Figure 5.10 illustrates the I-V curves of devices Dl and D2. Points were recorded for 
applied E-fields (i.e. voltage) ranging from —12500 V/cm  (—500 V) up to 12500 V/cm  
(500 V) in 125 V/cm  (5 V) steps. Each current value appearing on the plot is the average 
of 100 recorded values at each specific E-field. Prior to the I-V full set of data, two test
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runs were performed at the maximum positive and negative E-field values to determine the 
time needed for the current signals to reach a minimum plateau and stabilise. This time 
was surprisingly short for samples Dl and D2 in the order of 30 s. Hence, when recording 
the full scan of applied E-fields, a current stabilisation time delay of 30 s was set before 
initialising the averaging process.
For applied fields of —10000 V/cm  (-400 V) and 10000 V/cm  (400 V), up to which 
breakdown is avoided, leakage currents have extremely low values of —5 f A  /  26 f A  for 
device Dl and —3.4 f A  /  84 f A  for device D2 respectively, reaching the resolution limits 
of the measuring system. By extracting the inverse-gradient of the “near-linear” part of 
the curves between —3000 V/cm  (—120 V) and 3000 V/cm  (120 V) we find that the two 
samples approach resistance values of approximately Rdi,D2  ~  1 x  10^ ® Q, (figure 5.11). 
This resistance value yields a room temperature resistivity value of at least 2.3 x 10^ ® 
flcm for devices Dl and D2. Despite the breakdown appearing to begin at approximately 
—10000 V/cm  for device Dl, the leakage current even beyond that E-field value is still 
extremely low. Hence, we deduce that the safe bias working range for both devices is the 
whole range we present at the I-V curves; from —12500 V/cm  (—500 V) up to 12500 V/cm  
(500 V).
M. Pomorksi in his thesis [1] points out that there is an analogous connection between 
defect density and leakage current values. By splitting his contacts into quadrants he 
observed that the quadrant with the largest dislocation density and structural defects 
presented the largest dark current. Thus, it is not surprising that devices Dl and D2 
which exhibit very low dislocation bundle densities (especially D2) and very high crystal 
quality present such high room temperature resistivity values.
5.2.2 A lpha-particle spectroscopy results
A reliable indicator of a radiation detector’s material quality in terms of crystal quality 
and trapping phenomena is CCE which can be calculated through Of-particle spectroscopy 
experiments. Our experimental setup is presented in detail in chapter 4. Both devices Dl
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Figure 5.11: “Near-linear” part of the I-V curve for device Dl showing bulk resistivity of 
% 2.3 X 10^  ^ Dcm.
and D2 were characterised in darkness, at room temperature in vaccum (10“  ^ mbar) as a 
function of bias voltage. The bias voltage was supplied via the irradiated top contact for all 
samples. In all data sets, a high activity (185 kBq) a-particle source (4.95 MeV)
was used due to time limitations. The reduced emission energy peak quoted compared 
to the 5.48 M eV  energy of the emitted a-particle was deduced from a study using a 
conventional silicon pin diode performed by Gary Strudwick. The measured broad peak 
with a centroid value of 4.95 M eV  is most likely caused by absorption and straggling in the 
source material itself and in its thin protective coating. The a-source was placed at % 5 mm  
distance from the sample surface. The acquisition times were set for approximately 10 min  
per spectrum. The only exception was the energy resolution test, for which a low activity 
but high resolution source was employed. This meant that this measurement had
a duration of several hours. The main a-peaks of the spectra acquired were fitted with 
Gaussian curves to obtain the centroid value, with uncertainties of maximum 2% CCE.
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The range of 4.95 M eV  a-particles in diamond is less than 15 jinn [101] which is small 
when compared to the samples’ thicknesses of 400 ^m. According to this, the signals 
induced while applying positive bias polarity are mainly due to hole transport, while the 
signals induced with negative bias are dominated by electron drift.
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Figure 5.12: Typical electronic grade SC-CVD diamond a-particle induced electron spectra 
for increasing applied E-fields for device Dl.
Figures 5.12 and 5.13 illustrate typical a-spectra for electrons and holes from device 
Dl at room temperature for increasing applied E-field values. At relatively low E-field 
values, the a-spectra appear wider as there is a larger distribution of distances travelled by 
the charge carriers; while some reach the opposite contact, others travel different fractions 
of the detector’s thickness and then come to a stop. As the E-field increases the spectra 
widths become narrower meaning that more charge carriers reach the opposite contact and 
CCE reaches its maximum while it saturates. Signs of polarisation were present for both 
devices, being more evident for negative applied E-fields and hence electron transport. 
The polarisation appeared to become larger with time and increasing applied E-fields. Its
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Figure 5.13: Typical electronic grade SC-CVD diamond a-particle induced hole spectra 
for increasing applied E-fields for device Dl.
effects though, only influenced the acquired spectra for low applied E-fleld values inducing 
the shift of the peaks to lower CCE values over time and thus peak broadening. Since 
devices Dl and D2 are high quality, near-intrinsic materials we believe that the low E- 
held polarisation effects were due to shallow trapping levels at the metal/ semiconductor 
interface.
For both devices, CCE for holes saturates at lower E-field values than for electrons, as 
illustrated in figures 5.14 and 5.15, suggesting that holes are less affected by trapping than 
electrons. Despite that, CCE saturation occurs at relatively low E-field values (E < 3000 
VI cm) for both charge carrier types at near 100% CCE.
An estimation of mobility-lifetime product and energy resolution
The Hecht equation can be used with a few modifications in order to extract the mobility­
lifetime products for holes and electrons in the two devices. Initially, assuming the electron
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Figure 5.14: CCE vs. E-field plots with Hecht fit for device Dl. CCE saturates reaching 
a maximum of approximately 100% faster for holes than electrons.
case, we can approximate that since holes travel a negligible fraction of the detector’s thick­
ness the second term of the Hecht equation (equation 2.19) can be omitted. Vice-versa the 
same approximation can be made for the hole transport case. Moreover, since our devices 
exhibit a certain amount of polarisation, and hence an opposing E-field during its opera­
tion, the applied E-field values (E) in equation 2.19 need to be corrected with a subtracted 
polarisation field (Eq) to fit the experimental data more accurately. This modification of 
the Hecht equation consists a first order approximation. Thus the fitting parameters in the 
Hecht equation are three; the maximum CCE which is set to the maximum 100% value 
and the extracted /it  and Eq parameters.
For both devices the / i t  value for hole transport is higher than that for electrons 
suggesting a larger effect of trapping for electrons. Despite the fact that polarisation 
is present in our measurements, which can explain any possible scatter of our data around 
the fitted theoretical Hecht plot, estimations of the / i t  values are made using the modi-
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Figure 5.15: CCE vs E-field plots with Hecht fit for device D2. CCE saturates reaching a 
maximum of approximately 100% faster for holes than electrons.
hed Hecht equation. For device Dl (//g'Te ~  2.37 x lO”'^  ±  2.7 x 10“ )^ V/cm and {fih^h ~  
5.56x 10~^±7.6x 10“ )^ V/cm with Eo,e ~  (760±30) V/cm  and Eq,/i ~  (800±10) V/cm, for 
electrons and holes respectively. Similarly for device D2 (yUe'^ e ~  2.44 x 10“"^ ±  2.4 x 10“ )^ 
V/cm and {f^h^ h ~  4.52 x 10~  ^±  8.2 x 10“ )^ V/cm with Eo,g % (690 ±  30) V/cm and 
Eo,h ~  (516 ±  70) V/cm, for electrons and holes respectively. For both devices and types 
of charge carriers the maximum CCE  % 100% indicating very high quality crystals.
The low activity, high resolution '^^ ^Am A-source was used to acquire a single indicative 
spectrum to measure energy resolution from sample Dl. Since the measurement had a 
duration of more than 10 hours, one factor which may have caused peak broadening is 
gradual limited polarisation. Since the beam was uncollimated, another factor which may 
have induced peak broadening is possible events registered at the edges of the irradiated 
metallic contacts. Such events would have lower CCE values due to the non-uniform 
and reduced E-field values. Despite these two possible influences, sample Dl exhibited
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excellent energy resolution of 80 K eV  or A E /E  % 0.015 (1.5%). This value agrees with 
results acquired by Amalviva et al reporting an effectively constant energy resolution of 
1.4% after 16 hours of continuous irradiation under 150 V  bias [102]. Without the effect 
of a possible opposing internal E-field building up (i.e. shorter acquisition times) and by 
collimating the irradiated top contact, it is possible that the measured energy resolution 
would be even better reaching the levels set by silicon detectors, as reported by Pomorski 
et al (energy resolution of 20 keV) [103].
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Figure 5.16: High resolution a-particle source spectrum for holes at 7500 V/cm. The 
measured energy resolution is A E /E  % 0.015.
Signs of polarisation
Both samples tested showed clear signs of polarisation. We should note that for devices 
Dl and D2 the observed polarisation always produced opposite but never same polarity 
pulses. In both cases, electrons seem to present stronger polarisation than holes, which 
once again leads to the conclusion that more trapping is present in the electron case. In
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our ûf-particle spectroscopy experiments the effects of polarisation appear significant only 
for the low applied E-fields, at which point the fraction Eq/ E  is nearer to unity and with 
time the peaks shift towards lower energies. Irradiation of the samples at a certain applied 
E-field drives charge carriers through the sample and during the charge transport some of 
them get trapped. As these charges are trapped, they begin to build up an internal E-field 
(Eq) of opposite polarity to the one applied. As more charge carriers get trapped with 
time, the polarisation field becomes stronger.
Since polarisation depends both on the time and magnitude of the applied E-field during 
irradiation it is a very dynamic property and thus not easy to quantify, despite its distinct 
presence in our measurements. An estimation of its magnitude at zero applied E-field is 
made using the modified Hecht equation for each charge carrier type of devices D1 and D2 
with the results quoted above.
A crude way to experimentally estimate Eq during irradiation can be performed by 
turning off the applied bias after an acquired spectrum and by triggering on the opposite 
type of charge carriers, drifting solely due to the internal Eq field. Then, attempt to 
cancel the internal field by applying a certain value of the opposite E-field at which the 
polarisation a  pulses seem to disappear. Such attempts yield Eq values between 20 and 
40 V  (500 V/cm  and 1000 V/cm) showing that the modified Hecht equation’s predicted 
results are well within this experimental range.
A typical E q polarisation a-spectrum after acquiring an a-spectrum for electrons at 
—7500 V/cm  (—300 V) is presented in figure 5.17. Once the electron acquisition at var­
ious applied E-fields is finished, the bias is turned down to zero and all opposite polarity 
polarisation induced pulses are recorded creating a spectrum. Initial pulses appear at the 
high-energy (CCE) part of the spectrum and with time decay to lower values. Since polar­
isation only influenced the acquired spectra for low applied E-field values, and devices D1 
and D2 are high quality, near-intrinsic materials we believe that the low E-field polarisation 
effects were due to metal/ semiconductor interface trapping.
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Figure 5.17: Acquired polarisation induced a-spectrum for holes at zero applied E-field 
after device D1 was irradiated at —7500 V/cm.
5.2.3 IBIC - CCE and spatial uniform ity
A separate SC-CVD diamond detector (device D5) of same grade (electronic) and similar 
crystal quality to devices D1 and D2 was characterised via IBIC mapping. The experimen­
tal setup for IBIC is described in chapter 4. The dimensions of device D5 were 3.5 mm  
X 3.5 mm  x 380 fim and 50 jim and symmetric gold contacts were thermally evaporated 
on its opposite surfaces. The ions used for IBIC were 2.6 M eV  protons with typical beam 
currents at approximately 1 f A  and a beam spot size (hence spatial resolution) of less 
than 10 fim x 10 jim. According to SRIM calculations 2.6 M eV  protons penetrate 37 /im 
into a diamond crystal [101]. Thus, by applying the E-field on the top irradiated contact, 
for positive and negative bias, hole and electron transport dominates respectively. More 
experiment specific details can be found in reference [104] by Lohstroh et al.
Two maps are indicatively displayed in the top part of figure 5.18 at applied E-field
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values of 2632 V/cm  (100 V) and 3947 V/cm  (150 V/cm) for electrons and holes, re­
spectively. CCE values spatially range between 97% and 100% illustrating on average a 
maximum 100% CCE value reached in both polarities. At high applied E-fields the absence 
of a low energy “tail” at the respective pulse height spectra also shows maximum CCE 
and thus minimum charge trapping plus excellent CCE spatial uniformity. The few device 
areas which show lower CCE levels are attributed to scratches on the contact surfaces. 
Similarly lower CCE values are observed near the edges of the contacts. Both these effects 
can be attributed to distorted effective E-fields at such areas of the contact.
Although polarisation is present for all applied E-fields (section 5.2.2), for lower applied 
E-field values it becomes significant by deteriorating the recorded pulse height spectra. The 
effect of polarisation appeared in both lowering the average CCE value by broadening the 
acquired peaks as well as introducing a spatial non-uniformity with time as presented in 
the bottom part of figure 5.18 for electrons at 2895 V/cm  (110 V). The random black 
pixels in the contact area were most likely pixels which have not been hit by a proton 
during the analysed time interval. From this specific IBIC experiment it is not clear if 
polarisation is induced by bulk defects or trapping in the contact/material interface.
In conclusion, at high applied E-fields device D5 exhibits excellent spatial uniformity 
and CCE results nearly identical to devices D1 and D2. Furthermore, as with devices D1 
and D2 at low applied E-fields the effects of polarisation once more became noticeable by 
broadening and thus reducing the CCE level of the detector. The new result introduced 
by IBIC mapping is that the CCE spatial uniformity deteriorates at low applied E-field, 
indicating a varying spatial response with time either due to bulk or contact/ material 
defects.
5.2.4 A lpha-particle induced tim e o f flight results
The amount and range of injected charge within the detector’s first few jim determines 
the basic shape characteristics of the measured induced current pulses. If high charge 
injection occurs, by laser pulses for example, the field is locally modified by the created
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Figure 5.18; (top(a)) CCE map at high applied E-field; maximum CCE and good unifor­
mity is observed, (b) Pulse height spectra of the total data displayed in (top(a)), (bottom 
(a)) Average CCE map recorded at lower applied E-field for the first 162 s of the mea­
surement. (bottom (b)) Average CCE map recorded at lower applied E-field for the last 
182 5 of the measurement, (bottom (c)) Time evolution of pulse height spectra due to 
polarisation extracted from the maps shown in (bottom (a)) and (bottom (b)) [104].
excess charge carriers, leading to space-charge-limited (SCL) current pulses as described in 
[71, 72, 105]. Using small localised charges (i.e. through a- particle emitters like 
the measurement is carried out in the space-charge-free (SCF) regime.
This means that Q «  CV, where Q is the excess charge of electron-hole pairs created
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within the device during irradiation, C is the device’s capacitance and V  the magnitude 
of the externally applied bias voltage. Therefore, in an ideal case with minimum trapping 
effects we should have a homogeneous electric field E  = V/d. This is further supported by 
the rapid decay of the majority of transient current pulses to zero after the charge arrives 
at the collecting electrode. All measurements presented in this thesis have been carried 
out in the space-charge-free regime.
As mentioned in section 5.2.2, the range of 4.95 M eV  a-particles in diamond is less 
than 15 //m [101] (% 12 yum), which is short compared to our detectors’ thicknesses d = 400 
yum. Thus, the charge carriers of one type are collected after having travelled a negligible 
fraction of d, while the opposite type charge carriers drift across the sample under the 
infiuence of an externally applied E-field, with an average velocity Vdr and are collected at 
the opposite electrode after the drift time tdr- The rising edge of the current pulse signals 
the start and the falling edge the stop of the charge cloud’s drift. The measurement of tdr at 
the FWHM of the signals corresponds to the arrival time of the charge cloud center created 
by each a-particle. By measuring the FWHM of the pulses we avoid any contribution of 
charge diffusion, since we measure at the arrival of the center of the charge cloud. Since 
the same setup was used as in section 5.2.2, negative applied bias induces mainly electron 
while positive mainly hole drift.
The detailed experimental setup is described in chapter 4. Two broad-band, current 
sensitive pre-amplifiers are used in these measurements; the DBAIV [4] and ORTEC VT120 
(details are presented in chapter 4). Both are broad-band pre-amplifiers with rise times less 
than 1 ns. While the DBAIV produces better time resolution signals, the VT120 induces 
better signal to noise ratio current pulses. In terms of tdr measurements both pre-amplifiers 
yield very similar results as illustrated in figure 5.19.
Room temperature results
Figure 5.20 illustrates the development of ToF single current pulses for increasing external 
applied E-field; the pulses are taken from SC-CVD diamond detector D2 for positive applied
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Figure 5.19: Device D2 irradiated in air at room temperature under positive bias (hole 
transport). Comparison between near identical Vdr vs. E-field data acquired via the DBAIV 
and VT120 current sensitive pre-amplifiers.
bias and hence hole transport. The detector is placed inside an aluminum box in air and the 
a-particles “hit” the collimated back contact. Each pulse is created by a single a-particle 
“hitting” the detector. As the E-field is increased, the charge carriers travel through the 
detector’s thickness d with faster average velocities Vdr- The average flat top of the signals 
is an indication of a homogeneous E-field within the detector’s bulk without any space- 
charge detected. The pulse area indicates the collected charge, but in this section we are 
only interested in timing properties. The CCE properties are discussed in section 5.2.2. 
Because of this, for the purposes of this section’s results, the only concern when taking 
measurements in air instead of vacuum and vice-versa is the obtained signal to noise ratio.
According to the Shockley — Rama theorem the movement of charge carriers induces 
a time-dependent current on the detector’s electrodes. The uniformity of the ToF signals 
depends on the quality of the tested samples. In samples with high crystalline material
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Figure 5.20: Device D2 irradiated in air at increasing external applied E-fields. The a- 
particles “hit” the collimated back contact. With increasing E-field the charge carriers 
travel the detector’s thickness in faster drift times {tdr)- The top of the pulses remain 
relatively flat indicating no significant space-charge detected.
homogeneity, where the lifetime of the created charge carriers is longer than the transit 
time, similar and flat-topped pulses are induced by each a-particle. On the other hand, 
fixed space-charge caused by charge trapping in lower quality detectors causes inhomoge- 
neously distributed built-in potentials which influence the external applied E-field. As a 
result exponentially decreasing or increasing pulse top amplitudes would be observed.
Figures 5.21, 5.22 present the applied E-field dependence of the charge carriers’ drift 
velocity of devices D1 and D2 for electrons and holes. The E-field in all cases is ap­
plied parallel to the (100) direction and hence parallel to the detectors’ thicknesses. The 
electrons’ curves are presented in red while holes’ in black. For each applied E-field 200 
single-pulses were recorded. Each pulse’s FWHM is measured resulting in 200 drift time 
values which build a histogram for each applied E-field. The centroid of each histogram is
CHAPTER 5. SC-CVD DIAMOND CHARACTERISATION 119
plotted against its E-field value resulting in figures 5.21 and 5.22. In both figures the a- 
particles “hit” the detector on the top non-collimated contact. Device D1 is tested within 
a cryostat in vacuum while D2 in an aluminum box in air. Since we are only interested in 
timing properties, the data should not be affected by the energy of the a-particles reaching 
the detector.
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Figure 5.21: Device D1 Vdr vs. E-field irradiated in vacuum at increasing external applied 
E-fields. Holes present larger measured drift velocity and extrapolated low-held mobility 
and saturation velocity values than electrons.
The shape of the Vdr vs. E-held curves for intrinsic diamonds can be separated into two 
parts; initially the Vdr appears to increase almost linearly with higher applied E-helds as 
acoustic phonon scattering dominates. Then, it starts to curve and hnally at high E-helds 
saturates. This happens because at such high E-helds the charge carriers begin to lose 
energy by interacting with the crystal lattice via the emission of optical phonons. This 
effect limits the Vdr of charge carriers to a maximum saturation veloticy Vsat-
The extrapolated low-held mobility and saturation velocity values, using the simplihed 
Caughey and Thomas equation, of devices D1 and D2 for holes and electrons respectively
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Figure 5.22: Device D2 v^r vs. E-field irradiated in air at increasing external applied E- 
fields. Holes present larger measured drift velocity and extrapolated low-field mobility and 
saturation velocity values than electrons.
are; for device Dl: = (3264 ±  100) //o,e = (2037 ±  61) with
'^sat,h  = (1.45 X  10^  ±  2.80 X 10 )^ cm/s^ V sa t,e  = (1.35 X 10^  ±  3.36 x 10 )^ cm/s; for 
device D2: =  (2385 ±  25) /io,e = (1647 ±  68) crin?V~^s~^ with Vsat,h =
(1.48 X 10^  ±  1.20 X  10 )^ cm/s, Vsat,e = (1.11 X 10^  ±3.08 x 10 )^ cm/s. In both detectors’ 
cases, for the applied E-helds we explore (2000 V/cm < E < 12500 Vjcm) the extrapolated 
values for //o and Vgat as well as the measured Vdr are higher for holes than electrons. These 
results imply that in this specihc E-held range our near-intrinsic detectors present a seeming 
lower hole effective mass than electrons. Moreover, it has been shown in section 5.2.2 that 
for both devices maximum near 100% CCE is reached for both electrons and holes. Such 
a phenomenon of lower electron drift velocities can be caused by the repopulation effect 
which arises from the multi-valley band structure in diamond and is described in chapter 
3 section 3.2.2.
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By using these mobility values in addition to the extracted fir estimated values reported 
in section 5.2.2 we can calculate an estimate of the charge carrier lifetimes for devices Dl 
and D2. Thus, for device D l Tg ~  (116 ±  10) ns and Th % (170 ±  27) ns and for device D2 
Te % (148 ±  20) ns and Th ~  (190 ±  47) ns for electrons and holes, respectively. Although 
these values are only estimated lifetimes, they are all one order of magnitude larger than 
the measured current pulses’ drift times (i.e. r  >>  tdr) indicating that our measured drift 
velocities and extracted mobility values are not distorted by trapping effects.
By using the relation Te^ h = {Ni)(TVth)~  ^ we can estimate the defect density within our 
devices. Assuming an average charge carrier thermal velocity of {vtu ~  10  ^cm /5 , a typical 
range of trapping cross section <j =  10~^  ^ - 10~^ ® cnV and by using the calculated lifetime 
values, the defect density range for devices Dl and D2 is approximated between 9 x 10^  ^
< N d  < 6 X  10^  ^ c m ~ ^ .  According to the classifications of diamond, SC-CVD samples Dl 
and D2 supplied by Element Six are listed as ultra-high quality electronic grade diamonds. 
The estimation oî N d supports this claim.
A comparison can be made for device D2 between the ToF experiment performed with 
the a-particles “hitting” the top uncollimated contact and the back collimated contact. 
These measurements were performed inside an aluminum box in air. The ^^^Am a-source 
was placed in both cases above the diamond detector. In the first case detector D2 was 
positioned with the top uncollimated contact facing upwards, while in the second case it 
was reversed with the collimated back contact facing the a-source. The back contact was 
collimated by the ceramic substrate’s opening, onto which the metallised samples are placed 
during device fabrication. This comparison is split into two parts; firstly we investigate if 
the collimation affects the histogrammed Vdr measured for each applied E-field and secondly 
if the collimation affects the pulse shapes recorded.
Figure 5.23 presents device’s D2 electrons’ and holes’ Vdr vs. E-field, for the uncolli­
mated and collimated cases. For holes we observe perfect data reproducibility down to 1%. 
Electrons also show good levels of reproducibility between the uncollimated and collimated 
cases, but compared to holes we observe a larger dispersion up to 6%. In general the two 
sets of data are in good agreement in terms of Vdr for their respective applied E-fields,
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Figure 5.23: Device D2 Vdr vs. E-field irradiated in air at increasing external applied E- 
fields. Initially the a-particles “hit” the uncollimated top contact and then the collimated 
back contact. Good data reproducibility is observed for both cases.
which leads to the useful conclusion that we can use the more convenient uncollimated 
setup for our measurements.
On the other hand, when observing the pulse shapes recorded for the collimated and 
uncollimated cases we observe a specific difference between the two. In the collimated case 
all pulses recorded for both holes and electrons follow the anticipated square shape with a 
flat-top, an example of which is shown for holes at 7500 V/cm  in figure 5.24. Contrary when 
no collimation is used, instead of one we observe two kinds of pulse shapes (figure 5.25), 
one being the expected square flat-top shape. The second one is continuously decaying. 
Such a shape is indicative of severe trapping within the detector. Since trapping is not 
concluded from the collimated data set, the origin of the decaying current pulses has to be 
found elsewhere. These pulses must be originating from a-particles “hitting” the detector 
near its gold contact edges where there may be a weakened and distorted in shape E-held.
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Figure 5.24: Collimated device D2 (hole transport); typical square current pulse recorded. 
The near flat top of the pulse indicates a uniform E-field and the absence of severe trapping.
In such a case, the charge carriers created progressively decelerate and stop without having 
reached the opposite collecting electrode causing the current pulse to appear as gradually 
and continuously decreasing.
Low temperature results
Low temperature ToF measurements were carried out in vacuum (< 1.0 x 10“  ^ mbar) for 
devices Dl and D2 using the experimental setup described in chapter 4. The temperatures 
ranged between 320 K  and 200 N  in 20 N steps. The measurements were performed in 
order to extract how mobility varies across the tested temperature range and thus deduce 
the dominating scattering mechanisms during charge transport.
Figure 5.26 shows how drift velocity as a function of E-field varies with lower tem­
peratures for devices Dl (left) and D2 (right). More specifically, data is presented for 
three indicative temperatures studied; 300 N, 260 K  and 220 K. The low held mo-
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Figure 5.25: Uncollimated device D2 (hole transport); two types of current pulses were 
observed. Firstly, the typical square current pulse (pulse 3) recorded for hole transport. 
Secondly, a gradually decaying current pulse indicative of the inhomogeneous and weak 
E-field near the gold contact edges.
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Figure 5.26: Hole transport drift velocity vs. applied E-field at three different temperatures 
(300 N, 260 K  and 220 K) for devices Dl (left) and D2 (right). The drift velocity values 
increase with decreasing temperatures at their respective applied E-helds.
bility values are extracted by the low E-held linear part of the curves by htting equa­
tion 2.21. For the three temperatures illustrated in hgure 5.26 the extracted mobility 
values are: fio,h,3 ooK = (3175 ±  100) /^ o,h,260ic =  (3970 ±  120) and
l^ o,h,2 2 0 K = (5295 ±  140) crn?V~^s~^ for device Dl and iio,h,3ooK = (2420 ±60)
/^ o,/i,260ic = (3100 ±  100) and //o,/i,220ic = (3920 ±  140) for device
D2. Thus, we observe that for hole transport there is a strong increase of with lower 
temperatures. This means that when lowering the crystal’s temperature there is a trend 
for the drift velocity to increase in a faster rate with the respective applied E-helds. Fig­
ure 5.27 illustrates how changes within the temperature range studied for devices Dl 
(left) and D2 (right) for hole transport. Equation 2.22 was htted for both devices and 
the yielded results were similar. For device Dl Hoxdi oc and for device D2
l^ o,h,Di oc This temperature dependence matches closely the one reported
for natural diamond (//q oc [106], as well as the one reported for SC-CVD diamond
(jUo oc [72, 107], and suggests that between 320 K  and 200 K  acoustic phonon
scattering dominates hole charge transport. While for hole transport the extracted /io val­
ues increased signihcantly with lower temperatures, saturation velocity values remained on
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average constant for the temperature range studied at 1.45 x 10  ^ cm /s  for both devices 
Dl and D2.
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Figure 5.27: Hole transport low field mobility vs. temperature for devices Dl (left) and 
D2 (right). The fitted equation yields a dependence indicating acoustic phonon scattering 
dominating at such temperatures and applied E-fields.
Unlike hole, for electron transport low field mobility values appear approximately 
constant with lower temperatures at /io,e,nu = (2100 ±  100) and //o,e,D2 =
(1700 ±  100) for Dl and D2, respectively. The same experimental and analysis
techniques were used as for hole transport, but as illustrated in figure 5.28 the low applied 
E-field, linear part drift velocity values almost overlap at 300 K, 260 K  and 220 K  for 
devices Dl (left) and D2 (right). This result indicates that neither acoustic nor optical 
phonon scattering is dominating, possibly leading to impurity scattering. Another possi­
ble explanation of the observed result is the repopulation effect discussed in chapter 3 for 
electron transport (section 3.2.2).
5.2.5 SC-C VD  diam ond electrical properties conclusions
Planar, gold contacted “sandwich” structure, electronic grade, SC-CVD diamond detectors 
Dl and D2 were tested through various electrical characterisation experiments. I-V char­
acteristics indicated very low dark current levels (below pA), which could be connected
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Figure 5.28: Electron transport drift velocity vs. applied E-field at three different temper­
atures (300 N, 260 K  and 220 K) for devices Dl (left) and D2 (right). The drift velocity 
points at low applied E-helds almost overlap with decreasing temperatures.
to the small dislocation bundle concentration of the two samples. Alpha-spectroscopy 
measurements showed excellent CCE for both charge carrier types reaching saturation at 
100% for low applied E-helds (< 3000 V/cm). Good energy resolution of 1.5% A E /E  was 
recorded for hole transport at 7500 V/cm  for device Dl. High jir values were extracted for 
both devices and charge carrier types by using the modihed Hecht equation. Polarisation 
phenomena were observed for both charge carrier types, but appeared stronger for elec­
trons. Such phenomena scale with time and applied E-held magnitude during irradiation 
and inhuenced the acquired pulse height spectra only for low applied E-held values. It 
is probable that the observed polarisation effects emerge from shallow trapping levels at 
the contact/ material interface. The CCE spatial uniformity was tested via IBIC mapping 
with micrometer spatial resolution for a different sample (sample D5) of the same elec­
tronic grade specihcations. At high applied E-helds excellent uniformity at 100% CCE is 
observed, while at lower applied E-helds similar polarisation effects to devices Dl and D2 
caused pulse height spectra broadening, reduction in peak energy and spatial-non unifor­
mity. ToF measurements performed on devices Dl and D2 exhibited high mobility values 
for both electrons and holes. By using the calculated fir and ji values, all the lifetime values
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extracted (r  > 100 ns) were much longer than the recorded ToF drift times. The single 
current pulses recorded showed prompt rise and falling edges along with flat pulse tops 
on average, exhibiting minimum trapping and an average uniform E-field within the two 
crystals. In all cases hole mobility values were higher than the electron ones. This could 
be caused by the repopulation effect. For low temperatures, hole mobility values presented 
a fiQ^h (X T~^'^ dependence indicating that acoustic phonon is the dominant scattering 
mechanism during hole transport. On the other hand, electrons presented near constant 
mobility values with lower temperatures. This result can be caused by impurity scattering 
dominating. Another explanation is that the repopulation effect dominates the drift ve­
locity values recorded at the studied applied E-flelds and thus prevents us from being able 
to study the scattering mechanisms for electrons. In theory, the repopulation effect can 
be overcome by studying the detectors’ performance at even higher applied E-flelds. In 
conclusion, both detectors Dl and D2 illustrate excellent electrical properties far superior 
to polycrystalline diamond detectors both in terms of CCE and timing properties, proving 
why SC-CVD diamond can provide an excellent radiation detection material.
Chapter 6 
SC-CVD diamond radiation damage 
and recovery
This second chapter of experimental results focuses on the effects of radiation damage 
and subsequent thermal annealing on a different set of electronic grade SC-CVD diamond 
samples, similar to these of chapter 5; namely samples D5, DE, DA, DB and DC. Initially, 
a brief IBIC mapping proton damage study is presented on device D5 to introduce effects of 
proton damage on CCE. Afterwards, a more extensive, in terms of experimental techniques, 
neutron damage study follows for the remaining devices. Sample DE was undamaged and 
also not annealed acting as a reference point which connects this chapter with the previous 
one. Uncontacted samples DA, DB and DC have received neutron doses of 1 x  10^  ^ncm"^, 
2 X 10^  ^ ncm~'^ and 1 x  10^ ® ncm~^, respectively, and were all thermally annealed at 1000 
°C for 10 hours as described in more detail in chapter 4. Such effects are being studied 
through a variety of characterisation techniques such as CL point spectra measurements, 
TV characteristics, a-particle spectroscopy and room temperature a-particle induced ToF. 
Furthermore, AT-ray induced photocurrents are being discussed as well as TL and TSC 
results after thermal annealing.
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6.1 IBIC - proton damage effects
After the IBIC CCE mapping results presented in section 5.2.3 for device D5, five selected 
rectangular areas labelled A to F were irradiated with proton doses ranging from 10^  ^ to 
5 X 10^  ^ cm“ .^ A proton beam of the same energy as in section 5.2.3 (2.6 MeV), but 
with increased beam current value was used to produce the damage. The increase of the 
beam current also caused an increase of the beam spot size area from less than 10 x 10 
[irrP to 45 x 90 iirrV. During the radiation damage, the gold contacts were not removed, 
the detector was not biased and after the damage process ended the detector was exposed 
to light before the IBIC measurements were performed. The total dose received by each 
irradiated rectangle is summarised in table 6.1. In order to reach higher doses, the beam 
scan area was reduced. This yielded larger uncertainties for higher doses compared to lower 
ones.
Label A B c D E F
A rea  (1 0 “ ^ cm ^ ) 2 .6  ±  0 .3 2 .6  ±  0 .3 2 .6  ± 0 . 3 0 .6  ± 0 . 1 4 0 .1 8  ±  0 .0 8 0 .0 5  ±  0 .0 4
D o se  ( c m ~ ^ ) (1 .1  ± 0 . 1 )  X 10^2 (1 .1  ±  0 .1 )  X 10^3 (1 ±  0 .1 )  X 10^^ (5 ±  4 ) X 10^^ (1 ±  0 .4 )  X 10^5 (5 .0  ± 4 . 0 )  X 10^®
Table 6.1: Summary of proton doses received by the rectangular areas labelled A to F for 
sample D5.
Figure 6.1 illustrates an IBIC image of device D5 after proton damage at 3947 V/cm  
(150 V). The rectangular areas are labelled from A to F respectively. The marked white 
areas on rectangles A, B and C represent parts of the contact which are compared before 
and after proton damage. The CCE non-uniformity presented for rectangle D after proton 
irradiation is probably attributed to increased effective E-fields present near the contact 
edges. Rectangle B before proton irradiation exhibited maximum near 100% CCE as 
discussed in section 5.2.3 (figure 5.18). Areas D and F did not produce a significant 
amount of recorded counts even at very high applied E-held up to 32468 V/cm  (1000 V) 
and 14474 V/cm  (550 V) for electrons and holes, respectively. For rectangle A, which 
received the lowest proton dose, a small CCE decay with time was observed indicating
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polarisation phenomena. Despite that, for rectangle A CCE saturated at 93% and 97% 
for electrons and holes, respectively. Part (a) of figure 6.2 presents spectra from the white 
stripe part of proton damaged rectangle B, with the broad spectra acquired showing a 
maximum of approximately 40% CCE for the highest applied E-field. Part (b) of figure 6.2 
illustrates how CCE gets reduced with increasing proton doses for rectangles A, B and C 
for electrons (solid circles) and holes (open circles). While for area A, at maximum E-field 
CCE values reach and exceed 90%, for rectangle C maximum CCE is reached at values 
below 40%.
(d) After irradiation: +150 V
CCE [%1
Figure 6.1: IBIC CCE map acquired at 3947 Vjcm  (150 V) for hole transport, for device 
D5 after spatially localised proton radiation damage. Rectangles A to F, which have 
received ascending proton doses, are marked on the image [104]. The white areas within 
the rectangles were used to extract pulse height spectra (PHS).
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The causes of such a decrease in CCE could be numerous. Initially, since the gold 
contacts were not removed during proton irradiation, degradation of the contact rather 
than bulk material properties might have occurred which may have affected and reduced 
CCE levels. The fact that the damaged areas are represented with distinct geometrical 
limits in the IBIC CCE map indicates that the rest of the non-damaged device is not 
strongly affected by defect diffusion. According to the Bragg curve (figure 2.3), the largest 
density of defects should be located at approximately 40 jim  below the top irradiated 
contact. During IBIC the ehps which produced the recorded signals were created at a 
similar depth within the detector. For larger depths the detector’s bulk in theory should 
be unaltered. Thus, the ehps were most likely created within the volume which has received 
the highest proton damage. If the applied E-helds were high enough to transport one charge 
carrier type to a non-damaged depth within the detector’s bulk, then we should be able 
to observe near-maximum CCE levels as we do for rectangle A. But for higher induced 
damage, more trapping took place in the damaged thickness of the bulk causing larger 
polarisation. Thus, the CCE drop observed for cases B and C may have been caused by a 
signihcant reduction in the applied E-held by the opposing polarisation internal held. In 
conclusion, the recorded CCE values for the damaged rectangle areas are closely related 
to the fraction of ehps being able to escape the damaged region thickness limit set by the 
Bragg peak.
A similar study by Pomorski et al [44] using 26 M eV  protons reports a signihcantly 
smaller degradation of electronic properties than what we observe. Calculations by A. 
Lohstroh using SRIM [108] were performed to compare calculated concentrations of va­
cancies produced by 2.6 and 26 M eV  protons. The calculations resulted in a vacancy 
concentration maximum (at the Bragg peak) 250 times higher for 2.6 M eV  compared to 
a more homogeneous defect concentration throughout the device’ thickness for 26 M eV  
protons. Thus, the observed difference is caused by the proton beam energy rather than a 
difference in the material’s radiation hardness [104].
The 2.6 M eV  protons induced concentrated and non-uniform radiation damage within 
the detector’s bulk due to the Bragg peak effect. In order to examine how uniformly
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Figure 6.2; (a) Pulse height spectra recorded from the white stripe part of rectangle B 
after proton damage, (b) CCE variation as a function of applied bias voltage for different 
proton doses. Open circles represent hole transport and solid circles electron transport
[104].
distributed radiation damage influences the function of SC-CVD diamond as a planar 
radiation detector, neutron damage was introduced in three SC-CVD diamonds; samples 
DA, DB and DC. The remaining part of this chapter discusses how neutron damage affects 
SC-CVD diamond detectors’ characteristics.
6.2 Neutron damage and therm al annealing effects
This section is based on a set of four SC-CVD diamond samples; DE, DA, DB and DC. 
Sample DE was undamaged and used as a reference point. Samples DA, DB and DC 
received ascending neutron doses. Figure 6.3 provides the samples’ dimensions along with 
birefringence images provided for completeness. These images were acquired with the 
polarisers set “crossed” as described in chapter 4. Table 6.2 lists the neutron doses received 
by each sample.
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S a m p le T h ic k n e s s
[pm ]
A rea
[mm^]
DA 308 3 x 3
DB 309 3 x 3
DC 306 3 x 3
DE 314 3 x 3
Figure 6.3: Birefringence images of samples DE, DA, DB and DC. The table insert lists 
the samples’ dimensions.
6.2.1 C athodolum inescence neutron dam age and annealing
As with section 5.1.2 the results presented in this section were acquired at Strathclyde 
University in Glasgow, Scotland by Dr. Paul Edwards. The aim of this section is to 
study how the luminescence centers, and thus crystal quality, change with neutron damage 
and annealing. Three point spectra per sample were recorded. Extensive literature exists 
on the luminescence centers in diamond, a big part of which is summarised in “Optical 
properties of diamond: A data handbook” by Alexander M. Zaitsev [109]. Through this 
book and further literature, as well as the knowledge of the processes that our samples 
have undergone, we try to identify the major luminescence peaks appearing in our spectra.
Initially, the spectra recorded after neutron irradiation are presented in figure 6.4. At 
this stage no thermal annealing treatment had been performed. Samples DE and DA, being 
the ones which received zero and the smallest neutron dose (1 x 10^  ^ ncm“^), respectively.
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Sample Neutron dose
DE 0  ncm~‘^
DA 1 X 10^^ ncm~^
DB 2 X 10^^ ncm~“^
DC 1 X 10^® ncm~^
Table 6.2: Summary of neutron doses received by samples DA, DB and DC. Sample DE 
was not damaged.
present nearly identical CL results with samples Dl and D2. More specifically, as illustrated 
in figure 6.4 samples DE and DA present the typical CL features of high quality SC-CVD 
diamond as analysed in section 5.1.2; the 235.3 nm  and 242.1 nm  free exciton peaks (5.27 
eV  and 5.12 eV  respectively), the 425 nm  band A (2.92 eV), the 470 nm  TR12 peak (2.64 
eV), the 482 nm  vibronic band of TR12 (2.57 eV), the 533.3 nm  nitrogen-vacancy related 
center (2.326 eV) and the 575 nm  neutral nitrogen-vacancy centre (2.156 eV).
For sample DB, which has received a neutron dose of 2 x 10^  ^ncm~‘^  ^ the spectra present 
a lower S/N. Despite that, we can still distinguish a number of clear luminescence peaks. 
Two centers which are observed in samples DE and DA also appear in this sample; the 
band A luminescence and the TR12 center. One out of the three point spectra shows band 
A luminescence at 422 nm  (2.944 eV), while at the other two point spectra it appears to be 
quenched. All three spectra include the characteristic TR12 center at 468 nm  (2.65 eV). 
Moreover, two new luminescence signals appear. The first one is a broad band centered 
around 520 nm  (2.65 eV). This broad band is probably attributed to the 3H center; this 
center becomes more pronounced with higher received radiation dose and will be discussed 
in more detail for sample DC. The second one is centered at 743.8 nm  (1.667 eV) and 
consists the ZPL of the CRl center which is produced by radiation damage. As with the 
3H center, both these newly observed luminescence peaks are discussed in more detail for 
sample DC which has received the highest neutron dose.
In contrast to the previous three SC-CVD diamonds, sample DC which has received
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Figure 6.4: Cathodoluminescence point spectra of neutron damaged devices DA, DB and 
DC and for undamaged device DE. Quenching of band A luminescence is observed with 
increasing neutron damage.
the highest neutron dose (1 x 10^ ® ncm~‘^) does not present band A luminescence in any 
point spectrum. Once more, the TR12 peak is observed at 470.1 nm  (2.64 eV) as in all 
previous samples. Furthermore, the GRl center is observed, as in sample DB, with a ZPL 
centered at 741.730 nm  (1.673 eV) as well as a separate broad band with a ZPL at 503.676 
nm  (2.642 eV). Finally, a weak peak is observed at 389 nm  (3.188 eV) which may be 
caused by the radiation damage induced “3.188 eV” center. A brief description of the new 
luminescence centers appearing due to neutron radiation damage is given below:
• 503.676 nm  3H center ZPL (2.642 eV) (samples DB and DC): The 2.642 eV system is 
one of the most studied luminescence centers in diamond since three different optical 
centers have ZPLs near 2.463 eV; the 3H, H3 and SI centers [102]. In contrast to 3H
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and H3, the SI center does not arise due to radiation damage and moreover shows a 
second ZPL at 2.429 eV which we do not observe [109]. Thus, the luminescence we 
observe arises either due to the 3H or H3 center. The luminescence spectrum of the 
H3 system presents a characteristic ZPL at 2.463 eV  with a major phonon replica 
at 43 meV  followed by a less intense one at 70 meV  [56]. At room temperature the 
intensity of the ZPL is weaker than that of its phonon replica, hence the spectrum 
is dominated by the system’s vibronic band [110]. On the other hand, while the 
luminescence spectrum arising from the 3H system also shows a characteristic ZPL 
at 2.463 eV, it is followed by one significant phonon replica at 70 meV  [56], the 
intensity of which at room T remains weaker than that of the ZPL [111]. Such a 
description matches almost exactly the CL point spectra presented in figure 6.4, as 
the ZPL observed at 2.462 eV is followed by a less intense peak at 2.390 eV  (i.e. its 
phonon replica at 72 eV). Furthermore, lakoubovskii et al [112] discuss a feature 
presented at 2.159 eV  (i.e. 60 meV  above the ZPL’s peak energy) and assign it to the 
3H center. We also observe this feature in sample DC as illustrated in figure 6.4 at 
492.889 nm  (2.156 eV) which is placed 54 meV  above the ZPL’s energy peak. Recent 
studies support that the 3H center is related to interstitials and more specifically the 
(100) split self-interstitial [111], although no established structure, charge state or 
annealing behaviour have been conclusively assigned till today.
• 741.730 nm  GRl center ZPL (1.673 eV) (samples DB and DC): this weak appearing 
luminescence peak is the ZPL of the GRl center which is attributed to isolated 
neutral vacancies created when neutrons displace the carbon atoms from their lattice 
sites. Thus, no impurity atoms are involved in this luminescent center [110, 109].
• 389 nm  “3.188” eV  center ZPL (3.188 eV) (sample DC): this weak peak is a radiation 
damage product and appears in all types of diamond, also being a common feature 
of CVD diamond samples [109]. The system’s ZPL is located at 3.189 eV  and is 
surrounded by a number of both acoustic and optical phonon replica peaks [102]. 
Only one of them may be distinguished in our spectrum at 410 nm  which is caused
6. fL4u[)j^ i]^ rc%\rj:viA4vi(3jrv4J\%) fW5(:()T/E;jRir i-ss
by LO phonons [98].
The basic effects of neutron radiation damage in our SC-CVD diamond samples can be 
summarised in the following two points: in agreement with J. Walker [56] we observe that 
the intense blue band A luminescence, appearing in nearly all samples’ point spectra before 
damage, becomes quenched by neutron damage and appears to completely disappear in 
the heaviest damaged sample DC, while a new set of broad and narrow peaks emerge as a 
result of the radiation damage (GRl center, 3H center and 3.188 eV system).
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Figure 6.5: Cathodoluminescence point spectra of neutron damaged devices DA, DB and 
DC after thermal annealing. Quenching of band A luminescence is observed with increasing 
neutron damage.
After the neutron damage phase, thermal annealing was performed as described in 
chapter 4. Its effects on the CL spectra obtained by samples DA, DB and DC are presented 
in figure 6.5 in a semi-log scale for comparison reasons. Significant change is observed in
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all three samples. More specifically, all samples present CL spectra which include the free 
exciton peaks, the newly introduced nitrogen related center with its vibronic side band (575 
nm  ZPL and 600 nm  band) and a newly formed broad luminescence at approximately 305 
nm  (4.066 eV) which may be attributed to the 5RL system or the L-band as discussed 
below. In terms of differences, only sample DA shows the 530 nm  nitrogen vacancy related 
peak. Moreover, samples DA and DB show strong blue band A luminescence while sample 
DC a distinct absence of it same as prior to annealing. Finally, sample DC still presents 
the 3H system in contrast to the other two samples. The most substantial changes in CL 
emission before and after annealing are the newly formed very intense {N — R)° system 
luminescence with its 2.156 eV  ZPL and orange broad vibronic sideband, also reported 
in reference [66], and the broad band at 4.066 eV. These two features were not observed 
before annealing, while after they appear in all three samples.
• broad band extending from 270 nm  (4.593 eV) to 370 nm  (3.351 eV) 5RL system 
or L-band (samples DA, DB and DC after annealing): for the 5RL system at room 
temperature no ZPL appears, the broad band is centered around 3.9 eV  and the 
band exhibits an asymmetric shoulder type shape as in figure 6.5 [102]. The center 
is probably associated to carbon self-interstitials [113]. The second possibility is the 
L-band; a wide band with a FWHM of 0.7 eV  produced by C'^ ion implantation and 
rapid annealing at 1200^(7 observed also in CVD diamonds. It is believed that the 
L-band relates to the band A. The L-band is assigned to electron transistions from 
the conduction band to deep donor centers related to vacancy type defects [114]. 
The fact that the thermal annealing temperature did not exceed 1000°C suggests 
that the broad luminescence band observed is probably caused by the 5RL system, 
as also claimed in a similar study by Amalviva et al [102].
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6.2.2 C urrent-voltage characteristics after neutron dam age and
annealing
I-V measurements were recorded in air for devices DE, DA, DB and DC after neutron 
damage and subsequent thermal annealing. Once again it has to be stressed that sample 
DE is used as a “point zero” sample since it did not receive any neutron damage or 
annealing. Gold metallic contacts were thermally evaporated on each sample fabricating 
planar “sandwich” structure detectors and the measurements were obtained using the setup 
described in chapter 4.
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Figure 6.6: I-V characteristics for devices DE, DA, DB and DC. Comparison between 
dark current values after neutron damage and after thermal annealing. Leakage current 
suppression is observed with neutron damage.
By splitting our devices into two groups, one including DE and DA (zero and lowest 
neutron damage respectively) and the other DB and DC (medium and highest neutron
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damage respectively) we can observe leakage current suppression for devices DB and DC. 
Hence, between the four devices lower dark currents are observed for neutron damage 
doses higher than 2 x ICfi^  ncm~^. In fact, sample DC which had received the highest 
neutron dose presents the lowest leakage current values, both in terms of absolute values 
as well as the E-fields at which breakdown occurs. While for devices DE and DA “soft” 
breakdown occurs, the devices’ group with the more highly dosed detectors does not present 
breakdown within the E-fields investigated. Similar leakage current suppression effects after 
radiation damage have been meausured and published by other groups both for PC-CVD, 
HPHT and natural diamond detectors [115, 116]. According to Pu et al [117] the radiation 
damage induced leakage current effects may be explained by a compensation of shallow 
traps, located near dislocation bundles, by deep states of neutral vacancies created during 
the irradiation process. Such vacancies are located near the mid-gap (at 2.85 eV  above 
the VB). Since dark conductivity of intrinsic wide band gap materials, such as diamond, 
is usually dependent on shallow level defects, their compensation may lead to decreased 
values like the ones we observe. After high temperature annealing, the dark current values 
for device DC remains the same, device DB shows a significant increase in leakage current 
while device DA a current decrease. The physical reasons for such different dark current 
behaviours after annealing are not clear. In the cases for which the leakage current presents 
an increase, we can assume the reverse of the compensation process as a fraction of the 
deep level defects may “anneal out” at high temperatures.
6.2.3 A lpha-particle spectroscopy after neutron dam age and an­
nealing
CCE after neu tron  dam age All devices (DE, DA, DB and DC) were characterised 
in darkness, at room temperature, in vaccum (10“  ^ mbar) as a function of bias voltage. 
The bias voltage was supplied via the irradiated top contact for all samples. In all data 
sets a high activity, low resolution (4.95 M eV) o-particle source was used for time
consumption purposes. Hence, the acquisition times were approximately 10 min  per spec-
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tmm. The main n-peaks of the spectra acquired were fitted with Gaussian curves to obtain 
the centroid values, with uncertainties of maximum 2% CCE. The experimental setup and 
methodology used are described in more detail in chapter 4.
Initially, we compare CCE levels for the undamaged device DE with the neutron dam­
aged devices DA, DB and DC by recording 10 min  spectra, for electrons and holes as 
shown in figures 6.8 and 6.9 respectively. The least damaged device DA presents nearly 
identical CCE behavior with devices Dl, D2 and DE. Hence, for both electrons and holes 
near 100% CCE is reached at relatively low E-fields (E-fields> 3000 V/cm) indicating that 
despite the low dose neutron irradiation, device DA still exhibits excellent CCE properties 
comparable to these of undamaged diamond. On the other hand, device DB presents dete­
riorated characteristics with CCE saturation occuring at 90% for both electrons and holes. 
For the highest damaged device DC, no resolvable peak could be obtained even at 32680 
V/cm  (1000 V) as illustrated in figure 6.7, indicating strong polarisation and/or limited 
charge carrier lifetime values.
Since devices DE and DA exhibit excellent CCE characteristics, the modified Hecht 
equation is used to extract /ir and Eq estimation values for electrons and holes. In the 
case of device DE, stronger polarisation influenced the low applied E-field spectra for 
electron compared to hole transport and thus a He'J'e extraction is not quoted. Similarly, 
device DB was strongly affected by polarisation for both low and high applied E-fields 
and because of that the modified Hecht equation could not be fitted. For device DE 
l^ h'^ h ~  (6.37 X  10“  ^d i  3.5 X  10“ )^ V/cm  with ~  (530 ±  6) V/cm  for holes. For device 
DA /leTe % (1.3ÜX 10“^±2.2x 10“ )^ Vycm and ~  (2.77x 10“'^±1.5 x 10“ )^ V/cm with 
Eo,e ~  (330 ±30) V/cm  and Eq,/i ~  (446 ±13) V/cm for electrons and holes, respectively.
All three neutron irradiated devices indicate signs of polarisation which become more 
pronounced with increasing neutron damage. For devices DE and DA no resolvable a.- 
spectra peaks could be obtained below 1000 V/cm (30 V) for acquisition times of 10 mins 
as the opposing internal E-field gradually built up broadening and “destroying” the spectra. 
Similarly, for device DB no resolvable peaks could be obtained below 1670 V/cm (50 V) due 
to polarisation. By limiting the exposure and acquisition times from 10 mins down to 1
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Figure 6.7: Pulse height spectra for device DC after neutron damage at ±32680 V/cm  for 
electron and hole transport. No peak is observed.
min the effects of the opposing internal polarisation field become apparent in figures 6.8 and 
6.9. This is presented by the triangular points in the graphs. By reducing the acquisition 
times we limit the gradual polarisation build up and hence we can obtain centroid peaks 
for devices DE and DA at much lower applied E-fields. Such polarisation effects observed 
at low applied E-fields are attributed more to the diamond/ contact interface quality rather 
than the bulk material quality. Similar effects have been observed in the past [104] and 
usually become insignificant in terms of CCE stability with time at higher applied E-fields.
On the other hand, for device DB at high E-fields, higher CCE centroids by up to 5% are 
recorded for 1 min compared to 10 min spectra. The major differencce of the polarisation 
effects presented by devices DE, DA and DB is that while the first two are affected only at 
low applied E-fields, the spectra of device DB are influenced by polarisation even at very 
high externally applied E-field values.
All the CCE results presented in this chapter were recorded with the devices being
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Figure 6.8: CCE comparison for electron transport between undamaged device DE and 
neutron damaged devices DA and DB. Devices DE and DA display identical characteristics. 
Device DB shows reduced CCE values. Data for spectra acquired for 10 min and 1 min 
are presented to demonstrate the effects of polarisation. The modified Hecht equation is 
fitted for devices DE and DA.
in the “unprimed” or “depumped” state. A brief priming study was performed on these 
samples using X-rays by A. Lohstroh [118]. Significant improvement for devices DB and 
DC was observed after priming. Even for device DC, immediately after priming an 18% 
CCE peak was recorded at 32000 V/cm. Due to strong polarisation build-up subsequent 
spectra decayed to lower CCE amplitudes, thus returning closer to the state we observe. 
The loss of a distinguishable spectrum peak after a fast neutron dose of 10^ ® ncm“ ,^ also 
agrees with the study by Tanaka et al [115]. A similar spectral peak absence in type 
Ila HPHT samples damaged with 14 M eV  neutrons above a dose of 5.5 x 10^  ^ ncm~‘^
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Figure 6.9: CCE comparison for hole transport between undamaged device DE and neutron 
damaged devices DA and DB. Devices DE and DA display identical characteristics. Device 
DB shows reduced CCE values. Data for spectra acquired for 10 min  and 1 min  are 
presented to demonstrate the effects of polarisation. The modified Hecht equation is fitted 
for devices DE and DA.
is reported. For devices DE and DA no improvement of the low E-fields polarisation is 
observed after priming, enforcing the suggestion of diamond/ contact interface rather than 
bulk induced polarisation.
In an attempt to assess the observed polarisation phenomena, the following meausre- 
ments were carried out on device DB; a bias of z V was applied for time y s while the 
detector was irradiated. Then, the bias was switched off and opposite polarity pulses were 
recorded while the opposing polarisation field decayed with time. The effects of the two 
variables (applied bias and time duration) on polarisation were tested by setting the first
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to be constant with the second variable and vice versa. The results shown in figure 6.10 
indicate that polarisation is a function of both magnitude of applied E-field as well as 
the duration it is applied for. While polarisation spectra for holes illustrate a centroid at 
40%, the total polarisation counts appear increased for higher applied E-fields of the same 
duration and for longer time duration of the same applied E-field. In normal detector 
operation, to obtain an average CCE peak at 40% an E-field of 1000 V/cm needed to be 
applied.
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Figure 6.10; Polarisation field induced spectra at 0 V for device DB under continuous 
a-particle irradiation. The polarisation field appears to be a function of both the applied 
E-field (right graph) and the time this is applied for (left graph).
CCE after high temperature annealing Alpha-particle spectroscopy CCE measure­
ments were carried out after high temperature annealing was performed on neutron dam­
aged devices DA, DB and DC as described in chapter 4. After the annealing stage and prior 
to the thermal evaporation of gold metallic contacts, chemical cleaning was performed to 
remove possible organic and metallic surface contaminants as well as to oxidise the samples’ 
surfaces. The chemical cleaning process is also described in chapter 4. The measurements 
were performed using the same experimental settings and conditions as prior to annealing.
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Figure 6.11 shows spectra acquired from device DC for electrons and holes at 32,680 
V/cm (1000 V). The detector presents significant improvement. While before annealing 
no peak could be resolved at this applied E-field, now a distinct peak is observed at 
approximately 25% CCE for holes and 60% for electrons. Despite that, both charge carrier 
types were strongly affected by polarisation as the peaks appeared shifting fast to lower 
energies. Due to this factor the spectra presented in figure 6.11 were acquired during a 
limited 100 s time interval. The reason for which electrons show higher CCE levels than 
holes for this specific sample is not clear. One possible explanation is that because the 
electron was acquired before the hole spectrum the internal E-field was already significantly 
disformed for the second one. This could have greatly limited the following spectra acquired 
for holes. In general though, for all samples after annealing electron transport appears more 
stable and shows well defined CCE results than holes, as discussed below.
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Figure 6.11: Spectra acquired for device DC after high temperature annealing at ±1000 V 
applied bias. Significant improvement is observed compared to the state prior to annealing 
(figure 6.7).
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Devices DA and DB exhibit similar characteristics after annealing. For electron trans­
port, 100% CCE is reached at relatively low applied E-field (< 3000 V/cm). For all 
studied applied E-fields a single well defined peak was observed. Furthermore, spectra 
appeared very stable for applied E-fields as low as 200 V/cm  (5 V) and did not dete­
riorate with time due to the usual polarisation opposing held. By fitting the modified 
Hecht equation to the electron data the following parameters were extracted; for device 
DA (//gTg % 2.56 X 10“  ^±  4.0 x  10“ )^ V/cm with Eo,g ~  (350 ±  20) V/cm and for device 
DB (//gTg % 1.89 X 10^^ ±  1.2 X 10“ )^ V/cm with Eg,g ~  (290 ±  13) V/cm.
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Figure 6.12; Electron transport E-field vs. CCE results for devices DA, DB and DC after 
annealing. The CCE values of devices DA, DB and DC before annealing are also included 
for comparison reasons.
For hole transport, the characteristics appear deteriorated and strongly affected by 
polarisation. For device DB maximum CCE of 97 % is reached at applied E-fields > 10000
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V/cm (310 V). For lower applied E-fields the peaks decayed with time forming a secondary 
polarisation induced peak which appears broader and ranges from 10 % CCE at 485 V/cm 
(15 V) up to a maximum of 73.5 % at 19445 V/cm (600 V). Device DA illustrates even 
more deteriorated hole charge transport behaviour. The primary peak seems to be strongly 
affected by polarisation and presents a slow rise to a maximum of 95% CCE which occurs 
at 13000 V/cm (400 V). The secondary polarisation affected peak shows 30% CCE ranging 
between 5850 V/cm up to 13000 V/cm (400 V). Due to these strong polarisation effects 
the modified Hecht equation could not be fitted for hole transport. The summarised curves 
for devices DA and DB before and after annealing are presented in figures 6.12 and 6.13 
for electrons and holes respectively.
An attempt to assess the internal polarisation field was made for devices DA and DB 
according to the method described in section 5.2.2. Thus, the voltage was turned down to 
0 V after spectral acquisitions under applied bias and the counts induced by the internal 
field were observed. For both devices after electron transport spectra, polarisation pulses 
appeared in the same polarity at 0 V. This implies that the electrons were set in motion 
by an internal E-field in the same direction as the externally applied one. This can explain 
why the pulses recorded for electrons appeared extremely well defined and stable with time 
down to very low E-field values. Contrary for holes, polarisation pulses appeared in the 
opposite polarity. Hence, the strong polarisation E-field which deteriorated the spectra 
recorded for holes was in the opposite direction of the externally applied one. Polarisation 
induced peaks were recorded after (700 V) biased electron transport and (600 V) biased 
hole transport. In both cases the polarisation field induced mainly electron motion and two 
peaks were formed at 51.7% and 59% CCE (or 160 fim and 182.3 fim in terms of CCD), 
respectively. Similar results were obtained for device DA in terms of the polarity of the 
polarisation field. The origin of the polarisation effects as well as an attempt to profile the 
E-fields within the devices during irradiation under applied bias, are discussed in the next 
section via the ToF technique.
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Figure 6.13: Hole transport E-field vs. CCE results for devices DE and DA, DB after 
annealing. The CCE values of devices DA, DB before annealing are also included for 
comparison reasons.
6.2.4 A lpha-particle induced tim e of flight and E-field profiling  
after neutron dam age and annealing
ToF after neutron damage Devices DE, DA, DB and DC were tested in darkness, at 
room T, in air as a function of bias voltage using the ToF technique. The bias voltage 
was supplied via the n-particle irradiated top contact (anode) for all devices and current 
pulses were recorded to determine the timing properties after neutron irradiation.
No current pulses were observed for the heaviest neutron damaged device DC. The 
strong polarisation effects and the limited charge carrier lifetimes, probably caused by a 
high defect concentration within the crystal lattice from the radiation damage, made any 
possibly existing current pulses faster than the timing resolution of our system (200 ps) 
and hence undetectable.
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For devices DE, DA an DB a full set of room T ToF current pulses were recorded. The 
timing analysis, through the histogramming technique described in chapter 4, yielded that 
drift velocities are nearly identical for all three devices irrespective of the neutron damage 
level, for both electrons and holes. The major difference is that due to the increasing 
effect of polarisation with neutron irradiation, current pulses for device DB could only be 
recorded at higher applied E-fields than the other two.
Figure 6.14 shows hole transport current pulses at 200 V  and 300 V  for devices DE, 
DA and DB. We can observe that between the three devices the pulses are very similar in 
terms of timing and amplitude properties. Moreover the majority of the pulses illustrate 
a square flat top indicating minimum trapping and a uniform E-field within the devices.
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Figure 6.14: Hole transport ToF current pulses for devices DE, DA and DB at 200 V  and 
300 V. No significant deterioration of timing and amplitude properties is observed due to 
neutron radiation damage.
The closed circle point curves in figures 6.15 and 6.16 correspond to the drift velocity 
results of devices DE, DA and DB after neutron irradiation for electrons and holes, re­
spectively. The extracted mobility and saturation velocity values are similar between all 
devices for electrons and holes. Thus, for holes the average mobility value between the 
three devices is /^ o,h = (2400 ±  100) cm^V~^s~^ with Vsat,h = (1.50 x 10  ^ ±  2.00 x 10 )^ 
cm/s  and for electrons jLio,e = (1550 ±  100) cm^V~^s^^ with Vsat,e = (1.2 x 10  ^±  5 x 10 )^
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cm/s. Hole transport results exhibit higher mobility and saturation velocity values for all 
three devices. This was also observed for devices Dl and D2 in section 5.2.4. We attribute 
this result to the repopulation effect during electron transport. The fact that the mobility 
values appear unaltered combined with the reduced maximum CCE value observed for 
device DB after neutron irradiation, indicate that lifetime is the property which becomes 
limited after neutron damage.
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Figure 6.15; Comparison between drift velocity values before (solid circles) and after (open 
circles) high temperature annealing for electron transport. No significant change is ob­
served.
ToF after annealing For device DC, at high applied E-fields very short duration current 
pulses were recorded at 26144 V/cm  (800 V) for electrons and holes. Hence, after annealing 
there was a distinct improvement, but due to persistent strong polarisation effects such 
pulses decayed away and disappeared with time. The FWHM of the pulses’ tdr for device 
DC ranged between 500 ps and 1 ns.
CHAPTER 6. SC-CVD DIAMOND RADIATION DAMAGE AND RECOVERY 153
For devices DA and DB the electron drift velocity values measured for the studied ap­
plied E-fields are found to be the same before and after annealing. Thus, electron mobility 
does not change significantly after high temperature annealing remaining at approximately 
1600 . Holes on the other hand illustrate different characteristics. For device
DA, drift velocities from low up to medium applied E-fields (up to 6500 V/cm) show lower 
drift velocities compared to the values before annealing. For higher applied E-fields the 
data points overlap. For device DB, hole drift velocity values seem to be even more af­
fected. They appear to be lower, up to even higher applied E-fields (up to 13000 V/cm). 
Since holes are greatly affected by polarisation, as discussed in the previous CCE section, 
the opposing internal E-field is possibly the reason causing the observed lower drift velocity 
values for the low applied E-field part of the data. Since CCE is strongly varied for hole 
data, mobility values could not be extracted for devices DA and DB.
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Figure 6.16: Comparison between drift velocity values before (solid circles) and after (open 
circles) high temperature annealing for hole transport. A decrease in drift velocity is 
observed after annealing due to strong polarisation effects.
By examining the ToF pulse shapes of devices DA and DB after annealing, the majority
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(90%) of the electron ones show decaying amplitudes, while holes show rising amplitudes 
as a function of time on the top part of the pulses (figure 6.17 and 6.18). Since at high 
applied E-fields both electrons and holes exhibit near 100% CCE the cause of such shapes 
has to be an internal E-field variation rather than trapping-detrapping processes. Thus, 
the E-field for electrons seems to be decreasing and for holes increasing with time and 
hence thickness of the detector.
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Figure 6.17: ToE single pulses for annealed device DA for electrons (left) and holes (right). 
The pulses were smoothed using a running average function in Sigmaplot. Electron pulses 
present a decaying while holes an increasing top part.
In order to extract information about the E-field distribution as a function of the 
thickness of each device the method used by Fink et al [46, 47] and Isberg et al [48] 
was used. According to this method, internal E-field information can be extracted by 
single ToF current pulses. The analytical mathematical derivation is described in chapter 
2 section 2.3.3. The applied E-fields were chosen to be in the range within which CCE 
approaches 100 % for both electrons and holes, in order to minimise any trapping effects.
For electrons the opposing internal E-field appears to increase linearly reaching a max­
imum level above the applied E-field threshold at a certain depth within the device (fig­
ure 6.19). After this depth limit, a decrease is observed for the rest of the thickness of 
the device and the applied E-field value is reached at the collecting electrode. Contrary,
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Figure 6.18: ToF single pulses for annealed device DB for electrons (left) and holes (right). 
The pulses were smoothed using a running average function in Sigmaplot. Electron pulses 
present a decaying while holes an increasing top part.
for holes the internal E-field increases almost linearly throughout the device’s thickness 
reaching the actual applied E-field value at the collecting electrode. A similar pattern is 
also reported by Fink et al for CdTe detectors [47].
At this point it is useful to stress that while in all cases the top contact of our detectors 
is irradiated, this contact is the cathode (negative) when studying electron transport and 
the anode (positive) when studying hole transport. This simply happens because we reverse 
the bias polarity to selectively choose which charge type carrier to study.
According to our results, this suggests that during irradiation and under constant ap­
plied bias two space-charge regions are created within each device; a positive space-charge 
region (positively charged) near the irradiated top contact and a negative space charge 
region (negatively charged) near the bottom contact. By assuming these two space-charge 
regions within a device we can explain the extracted E-field trend. The increase presented 
for the electron transport internal E-field is caused by the electrons experiencing a greater 
E-field than the applied one for a fraction of the device’s thickness, caused by the posi­
tive space-charge region near the cathode (top contact) dominating. The decrease in the 
internal E-field which continues reaching the collecting electrode is caused by the nega­
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tive space-charge near the anode (bottom contact) dominating after the electrons have 
“escaped” the initial positive space-charge region. Similarly for hole transport, the slow 
internal E-field increase observed for the first few /im is caused by the positive space-charge 
near the anode (top contact), while the dominating linear increase of the internal E-field up 
to the collecting electrode by the negative space-charge near the cathode (bottom contact).
Thus, the effective E-field experienced by the moving charge cloud, probably consists 
a dynamic function depending on the externally applied E-field, the positive and negative 
space-charge regions and the position of the charge cloud within the detector’s thickness. 
A pictorial representation of the processes described above is illustrated in figure 6.20.
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Figure 6.19: E-field profiles for device DA after annealing for electrons (left) and holes 
(right).
This explanation suggesting two opposing space-charge regions near the top and bottom 
contacts can also explain the polarisation pulses observed at 0 V/cm  for annealed devices 
DA and DB. When switching off the applied bias after an electron transport measurement, 
same polarity pulses (i.e. electron charge transport) which decay with time appeared sug­
gesting that an internal E-field induces further electron transport. This field is caused by
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the positive space-charge region near top contact. Similary, after a hole transport measure­
ment, opposite polarity pulses (i.e. electron charge transport) appear at 0 V/cm suggesting 
that the same positive space-charge region near the top contact dominates and induces mo­
tion of electrons. This explanation is further supported by the value of the polarisation 
A-spectroscopy peak after electron transport at (700 V) occuring at approximately 150 
jim CCD compared to the value of the maximum internal E-field at (700 V) applied bias 
which appears at 120 /^m.
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Figure 6.20: Illustration showing the effects of the two opposing space-charge regions on 
the total/effective E-field for (a) electron and (b) hole transport. The arrows pointing 
upwards and downwards next to the effective E-fields indicate strengthening or weakening 
of the applied E-field.
The slow internal E-held build up observed under the top contact for electron transport 
could be caused by an extra parameter other than the negative space charge discussed 
above. This parameter is discussed by Fink et al [46, 47]. According to Fink, an external 
stimulation, which in our case are the emitted A-particles, can cause the production of
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a large number of ehps. Such ehps do not migrate instantly under the inluence of an 
externally applied E-field, as they build up along a cylindrical track and provide electrical 
shielding between each other. Such a charge cloud can then cause a delay of the charge 
carriers’ drift and thus an apparent reduction of the extracted E-field. This process is 
described as the “plasma effect”. Eventually, this effective shield is weakened and broken 
down as more charge carriers drift under the influence of the externally applied E-field. 
Figures 6.19 and 6.21 show the E-field profiles of devices DA and DB for electrons and 
holes.
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Figure 6.21: E-field profiles for device DB after annealing for electrons (left) and holes 
(right).
6.2.5 X-ray induced photocurrent results
The illumination of a diamond detector with photons of energies greater than the band 
gap induces photon absorption and ehps are generated within the crystal. By applying an 
E-field across the detector a current flow is induced. By illuminating the entire thickness 
of the detector with A-rays, ehps are generated and drift throughout the bulk material 
and electron-hole recombination can also occur during charge transport. The amplitude 
of the A-ray induced photocurrent depends on the applied E-field, saturating at high E-
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field values, and the charge carriers drift lengths within the crystal. The stability and 
evolution of the induced photocurrent with time can yield information about trapping pro­
cesses occuring during charge transport. Trapping levels within the band gap of diamond 
can be empirically split into two main categories; shallow and deep bulk levels and mate­
rial/contact interface shallow trapping levels. The shallow levels can be thermally emptied 
at near room temperatures and the deep trapping levels at temperatures near 500 K  [119]. 
In this section the devices DA, DB and DC are illuminated by A-rays at room temperature 
before and after thermal annealing in order to gain further insight in the effects of neutron 
irradiation and subsequent annealing in charge transport. All the presented results were 
acquired with the devices in vacuum (below 10“  ^ mhar), in darkness, with the æ-ray tube 
operated at maximum settings (50 kVp, 1 mA). The photons were “fired” through the top 
of the chamber which was made of glass. The experimental setup details are presented in 
chapter 4.
Figure 6.22 presents a comparison of photocurrent pulses before (solid lines) and after 
(dotted lines) annealing for devices DA, DB and DC for positive and negative bias, re­
spectively. The square pulses illustrate the photocurrent pulses which were applied for 5 
mins for different applied E-fields. Between each pulse the A-ray tube was switched off 
for 1 min  and the bias was altered in preparation for the next pulse. The spikes between 
pulses indicate that voltage change. Before annealing the photocurrent amplitudes get 
smaller with increasing received neutron doses. Devices DA, DB and DC after neutron 
damage present an amplitude difference of approximately one order of magnitude between 
them. Since all devices are comparable in thickness (300 fxm each) and were fabricated 
in the same way with gold contact thermal evaporation, the difference in the amplitudes 
observed can be caused by limited lifetime and CCE values due to trapping and/or po­
larisation effects. After high temperature annealing a significant increase in amplitudes of 
approximately one order of magnitude is observed for all devices. During annealing, the 
neutron damage induced trapping levels become mobile and may anneal out or interact 
and create new trapping levels. The net effect observed though indicates that, since after 
annealing higher amplitudes are recorded for all three samples, the net trapping effects
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Figure 6.22; N-ray induced photocurrent pulses at various applied E-fields at positive 
and negative bias for devices DA, DB and DC after neutron damage and after thermal 
annealing.
appear reduced thus improving charge transport. To illustrate the changed in amplitude, 
figure 6.23 shows I-V measurements under constant X-ray irradiation. For device DA 
which presented higher dark current values. E-field breakdown disabled us from acquiring
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higher E-field photocurrent pulses.
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Figure 6.23; I-V measurements under continuous X-ray irradiation for devices DA, DB 
and DC after neutron damage and after annealing.
The rising part of an x-ray induced photocurrent pulse can be used to provide infor­
mation on trapping and polarisation processes during device operation as discussed below. 
The highest neutron damaged device DC is used as an example.
When the trap levels within a diamond crystal are empty, a slow, curved and increasing 
in amplitude rising edge is observed; this time-dependent change in the current response 
is known as “priming” or “pumping” effect and is defined as the irradiation dose necessary 
to mainly fill the deep trap levels and reach a new equilibrium state in the detector’s 
bulk. With the trap levels empty (either with a previously non-irradiated detector or 
after thermal annealing), the sample is irradiated and the trapping levels begin to capture 
charge carriers and as a consequence during that period the CCE of the detector is low. As
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irradiation time increases, the filled traps become the majority and the probability of newly 
generated charge carriers getting trapped decreases. As a result, the current amplitude and 
hence gain of the irradiated detector increases until reaching a new and higher stable state. 
Since the shallow energy traps are unstable at room temperature, during detector operation 
they continuously capture and thermally emit charge carriers, while the deep traps remain 
filled. An example of the “priming” effect is illustrated in the first pulse of figure 6.24 for 
device DC after neutron damage at room temperature.
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Figure 6.24: Neutron damaged device DC irradiated with A-rays at —100 V. For each pulse 
an increase in temperature is applied. At room temperature “priming” is observed and as 
the temperature is increased the filled deep traps begin to empty and cause “unpriming”. 
At the highest temperature the current returns to its original value.
The subsequent pulses after “priming” illustrate a completely different rising edge 
shape. A spike or “overshoot” is observed and a decay to a lower equilibrium state. This 
“overshoot” is attributed to shallow trap induced polarisation, as reported by Bergonzo et 
al [120]. By applying an E-field under A-ray irradiation, the created electrons and holes
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drift towards the anode and cathode, respectively. During this drift, charge carriers can 
get trapped by shallow levels in a non-uniform manner. The distribution of such trapped 
charge causes an internal E-field opposing the externally applied one and thus reducing 
its strength. The current equilibrium state is reached only after the rate of shallow level 
trapping reaches that of thermal de-trapping. When the deep trap levels remain full, this 
phenomenon was observed for nearly all new pulsed irradiations if the device was left unir­
radiated for a short time (2 min) at room temperature, as shallow levels progressively 
empty. Since the “overshoot” effect appears to be caused by the presence of shallow level 
traps, by increasing the detector’s temperature we should be able to eliminate it. In fig­
ure 6.25 we observe the typical “overshoot” effect for the neutron damaged device DC at 
room temperature for æ-ray pulses at different applied E-field values. Figure 6.24 shows 
that for —100 V  applied bias at four increasing temperature steps (373, 423, 473 and 523 
K)  the overshoot effect disappears since the shallow traps remain empty. Moreover, we can 
observe an overall decrease in the pulses plateau amplitude with increasing temperatures. 
This is caused by deep traps also emptying at higher temperatures and this consists the 
opposite effect of “priming”; “unpriming” or “de-pumping” causing the maximum current 
amplitude or gain to decrease.
The “priming” and “overshoot” phenomena were observed for all the devices after 
neutron irradiation and annealing. The next section on thermoluminescence and thermally 
stimulated currents aims to further study the shallow and deep trap levels.
6.2.6 Therm olum inescence and therm ally stim ulated  current re­
sults
TSC with complementary TL measurements were performed in an attempt to gain insight 
into the trapping energy levels causing the non-uniform E-field distributions observed for 
devices DA, DB and DC after neutron radiation damage and subsequent high temperature 
annealing (section 4.2). While TSC data are treated in a qualitative way, TL results are 
analysed through the “Glow-fit” program [83] to estimate the activation energies emerging
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Figure 6.25: Neutron damaged device DC in the “primed” state, irradiated with X-rays 
at room temperature for increasing applied E-fields. The spikes at the rise edges of each 
pulse or “overshoot” effect caused by shallow trap induced polarisation is observed for all 
the pulses presented.
from the glow peaks induced by thermally emptying trap levels. The experimental processes 
employed are described in chapter 4.
For the TSC measurements, the devices were placed inside the chamber illustrated in 
figure 4.10 in vacuum (< 10“  ^ mbar). All three devices were biased at 4-200 V during the 
priming and TSC steps. Priming was performed using X-rays for 5 min  in each device 
case. Hence, each device received a total dose of 88.4 cGy before the TSC steps were 
performed. The TSC temperature heating rate for all devices was set at 0.5 K/s.
Figure 6.26 illustrates the TSC curves obtained from devices DA, DB and DC after 
annealing. No background correction was perfo rm ed . Device DA presents two broad peaks 
centered approximately at 357 K  and 470 K. For device DB one broad peak can be 
identihed at approximately 411 K. Finally, device DC illustrates one peak at 365 K  and a
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Figure 6.26: TSC curves for devices DA, DB and DC after thermal annealing.
second one at 405 K. For all three devices it is possible that there is an even broader peak 
at temperatures > 550 K  indicating deeper energy trapping levels, but the heater used did 
not allow reaching such high temperatures. By comparing the three curves, devices DA 
and DC appear to follow a similar TSC pattern.
In order to verify the TSC results and also extract further information in a quantitative 
way, the same three devices were tested via TL dosimetry. By using the TL method we were 
able to reach higher temperatures than the TSC results, up to 670 K. The temperature 
range for samples DA, DB and DC was set from 313 K  up to 670 K. The heating rate used 
was set at 10 N /s  in all cases. All TL curves were background corrected and all samples 
were irradiated with a dose of 21 Gy before performing the TL measurements.
Figure 6.27 shows the glow curve recorded for sample DA. The curve was fitted using 
“Glow-fit” and the good quality of the fit is reflected on the average hgure of merit value, 
FOM  = 4.90. The minimum number of convoluted peaks assembling the spectrum was set 
to four; the first one being at 354.1 N, the second one at 445.2 N, the third one at 578.0
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Figure 6.27: TL curve and fit extracted from “Glow-fit” for sample DA after annealing.
K  and the fourth one at 609.5 K. From these temperature peak positions, the extracted 
activation energies using “Glow-fit” are 0.514 eV, 0.606 eV, 1.727 eV and 0.696 eV.
The glow curve recorded for sample DB exhibits three main glow peaks (figure 6.28). 
The fit yielded a FOM value of 3.11 and the four temperature peak positions were found 
to be at 364.6 N, 468.5 H, 577.3 K  and 651.8 K  corresponding to activation energies of 
0.643 eV, 0.594 eV, 1.830 eV and 0.643 eV.
Sample DC also presented four deconvoluted peaks as illustrated in figure 6.29. The 
fit of the glow curve via “Glow-fit” produced a FOM value of 3.64. The four temperature 
peak positions appear at 362.6 K, 426.9 N, 514.4 K  and 623.7 K  which correspond to 
activation energies of 0.573 eV, 0.900 eV, 0.673 eV and 0.852 eV, respectively.
Samples DA and DB present similar TL patterns after thermal annealing. They present 
shallow trapping levels at approximately 0.5 eV and 0.6 eV and a deep level between 
1.75 eV and 1.85 eV. The shallow energy traps could not be identified. The deep level 
found agrees well with values reported by Gonon et al [121] via TSC measurements and
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Figure 6.28: TL curve and fit extracted from “Glow-fit” for sample DB after annealing.
Benabdesselam et al [122] via TL measurements for PC diamond films. They both report 
an activation energy at 1.86 eV. Bowlt [123] ascribes the deep level between 1.8 eV and 2 
eV to substitutional nitrogen forming a deep donor below the minimum of the conduction 
band. The involvement of nitrogen after thermal annealing is also supported via the CL 
results presented in section 6.2.1. Sample DC also presents similar shallow level activation 
energies at 0.57 eV  and 0.67 eV, but the deeper levels appear between 0.8 eV  and 0.9 eV. 
These levels could not be identified.
6.3 SC-CVD diamond radiation damage and anneal­
ing conclusions
Spatially localised radiation damage was induced on device D5 via a 2.6 M eV  proton beam. 
Rectangular patterns of ascending proton doses were created on the detector’s surface.
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Figure 6.29: TL curve and fit extracted from “Glow-fit” for sample DC after annealing.
IBIC micrometer spatial resolution mapping indicated that CCE drops significantly for 
areas of the device which received doses > 10^  ^pcm~^. Due to the effect of the Bragg peak 
for heavy ions, the CCE drop is most likely caused by a non-uniform, concentrated defect 
creation up to a 40 pm  depth under the irradiated cathode. Thus, the recorded CCE values 
for the damaged rectangle areas are closely related to the fraction of ehps being able to 
escape the damaged region thickness limit set by the Bragg peak.
In order to achieve more uniform radiation damage throughout the thickness of dia­
mond, three SC-CVD diamonds (DA, DB and DC) were irradiated with increasing doses 
of neutrons. CL point spectra reveal quenching of band A luminescence, as well as three 
newly observed luminescence peaks (CRl center, 3F1 center and “3.188” eV center). I-V 
characteristics show reduced dark current values with increasing neutron irradiation. Such 
a reduction can be explained by a compensation process of shallow traps by radiation 
induced deep trapping levels. CCE measurements for device DC, which has received the 
highest neutron dose, present a non-functional detector. Devices DA and DB exhibit near
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100% and 90% CCE, respectively. While devices DE and DA (which received no dose and 
the lowest dose, respectively) were influenced by polarisation only at low applied E-fields, 
charge transport for device DB appears to be influenced by polarisation even up to very 
high applied E-fields. ToF pulses reveal that the timing properties of devices DA and DB 
are not affected. Since device DB shows a 10% reduction in CCE the parameter affected 
after neutron irradiation has to be the lifetime.
High temperature annealing at 1273 K  for 10 hours was performed on samples DA, DB 
and DC. Significant change is observed in the CL point spectra. The 5RL and nitrogen- 
vacancy related centers are two newly presented strong luminescence signals. Moreover, 
band A luminescence appears to recover a strong signal for sample DB. I-V measurements 
show an increase in leakage current for device DB. Since during annealing the defect con­
centration can become reduced as traps “anneal out” , such an increase can be attributed 
to the reverse mechanism of shallow trap compensation by deep traps. CCE results in­
dicate excellent electron transport characteristics, even better than undamaged SC-CVD 
diamond. The polarisation field during electron transport appeared in the same polarity as 
the applied E-field. On the other hand, hole CCE presents signs of very strong, opposing 
polarisation fields. According to ToF results, electrons do not present any changes in their 
timing properties, while holes show longer drift times from high to intermediate applied 
E-fields. By performing E-field profiling from single ToF current pulses, we deduce that 
two space charge-regions are causing the E-field anisotropy within the annealed devices; a 
negative space-charge region near the cathode and a positive one near the anode. V-ray 
photocurrent results indicate better charge transport after thermal annealing. Moreover, 
the “priming” and “overshoot” effects are discussed, with the second one being caused 
by shallow level traps. TL glow curves reveal a deep level trap at approximately 1.8 eV. 
This trapping level has been reported and associated with nitrogen impurity related de­
fects. This report agrees well with our CL spectra which showed pronounced nitrogen 
related peaks after annealing. It is possible that during the high temperature annealing 
period, pre-existing defects due to neutron damage migrated and formed new defects which 
included nitrogen.
Chapter 7
Summary and suggested future work
7.1 Summary
Diamond has a number of extraordinary properties which make it an attractive and promis­
ing electronic material and radiation detector [12, 17]. The recent commercial availability 
of SC-CVD diamond offers the opportunity to study this material, free from grain bound­
aries which are known to limit charge transport properties. Its radiation “hardness” is a 
major advantage over the established silicon industry and makes it a material of interest 
for use in high fluency particle physics experiments [124]. Furthermore, its low atomic 
number makes it an ideal candidate for particle tracking [27]. Due to its tissue equivalence 
diamond has also been studied as a medical dosimeter for many years now [125].
The aim of this work was to gain a better insight into the impact of growth induced 
as well as radiation damage induced defects on the charge transport properties of SC- 
CVD diamond radiation detectors. The defects were identified via optical techniques and 
the charge transport properties were studied through particle induced charge and current 
pulses.
Optical experiments on undamaged SC-CVD diamonds showed low dislocation bundle 
densities and excellent Raman signal spatial uniformity in terms of peak position and 
FWHM values. These results, along with CL spectra revealing excitonic peaks at room
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temperature, enforce the supplier’s claim of very high quality crystals. CL spectra also 
illustrated nitrogen-vacancy centers and the well known band A luminescence. Prom our 
results and supporting literature we believe that band A luminescence is closely related to 
dislocations.
The three main parameters affecting the detection performance of any material are dark 
current levels and mobility (/i) and lifetime (r) of the charge carriers. The investigated 
non-damaged SC-CVD diamonds showed excellent characteristics with dark currents in the 
pA level, mobility values approaching and even exceeding 2000 crrPV~^s~‘^ for electrons 
and 3000 for holes and lifetimes longer than 100 ns. Moreover, IBIC spatial
mapping showed excellent CCE uniformity. The high crystal quality of the samples was 
further supported by low temperature ToF results, which showed that acoustic phonon 
rather than impurity was the dominant scattering mechanism for lower temperatures. Po­
larisation was observed in all the devices studied, but for undamaged SC-CVD diamonds 
polarisation affected the spectroscopic detection properties mainly at low applied E-fields.
Irradiation by 2.6 MeV protons resulted in a non-uniform damage distribution through­
out the detector’s bulk, which was concentrated under the cathode. Because of this, CCE 
deterioration was observed with increasing proton dose. This deterioration implied that 
the recorded CCE values are closely related to the fraction of ehps being able to escape 
the damaged region thickness limit set by the Bragg peak.
Neutron irradiation was performed on a set of SC-CVD diamonds to accomplish a more 
uniform radiation damage throughout their thickness. CL spectra showed the quenching of 
band A luminescence with increasing neutron dose, as well as three new luminescence peaks 
arising; namely the CRl, 3H and “3.188” eV centers. Leakage current levels appeared 
to decrease. Such a decrease was probably caused by radiation damage induced deep 
level defects compensating for shallow level ones. The heaviest dosed device (10^ ® ncm~‘^) 
appeared to lose its detection function. The lowest dosed device presented excellent CCE 
characteristics similar to these of undamaged devices and the medium dosed device a 
small 10% drop. All functional devices illustrated similar timing properties leading to the 
conclusion that the 10% drop was caused by limited lifetime. The effects of polarisation
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appeared to become stronger with increasing neutron irradiation.
High temperature annealing was performed for the neutron damaged samples. CL 
spectra showed recovery of band A luminescence along with the newly observed 5RL sys­
tem and enhanced nitrogen-vacancy related luminescence. The heaviest damaged device 
showed some CCE recovery, but was still strongly influenced by polarisation which would 
“destroy” the acquired spectra. For the other two devices, charge transport was even bet­
ter for electrons, while hole transport was greatly affected by polarisation. Polarisation 
was the reason that hole transport also exhibited deteriorated timing properties for low 
up to medium applied E-fields. E-field profiling from single ToF current pulses indicated 
a configuration of two opposite space-charge regions; a negative near the cathode and a 
positive near the anode. TL measurements revealed two shallow and a deep trapping level 
at approximately 1.8 eV which is probably associated to the impurity of nitrogen. These 
levels could be causing the anisotropic E-fields observed in the ToF current pulses. During 
annealing, defect migration often takes place and can cause new more complex trapping 
levels such as the nitrogen one. Such levels may be the cause of anisotropic E-field distri­
butions within a radiation detector.
In conclusion, SC-CVD diamond shows excellent detection characteristics. Further­
more, SC-CVD diamond detectors show good performance after severe radiation damage, 
in contrast to the well established silicon industry. According to this work, the major 
issue which still needs to be described in an analytical way is polarisation and its origins. 
Polarisation is produced due to defects during the growth process or by induced defects fol­
lowing severe radiation damage and/or annealing. The most important polarisation effect 
presented in this thesis is the distortion of the internal E-field after radiation damage and 
subsequent annealing. By either resolving or controlling the spectroscopic effects caused 
by polarisation in a consistent and reproducible manner, diamond could become a strong 
competitor in the solid state detector industry in terms of its functionality and detection 
characteristics. Unfortunately though, there would still be different kinds of issues to be 
solved from the “crystal-growth” experts, such as growing reproducibly larger crystals with 
good detection-performance, while keeping the growth time and cost at a minimum. The
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following section discusses suggested further work based on the results of this thesis.
7.2 Suggested future work
Research is a continuous and evolving process which cannot be limited to a single thesis. 
As with all research projects, one has to set a number of clearly identified goals and in 
the end due to time or other limitations decide to stop and conclude the existing results. 
By having faced numerous experimental difficulties as well as having assessed the current 
status of the diamond radiation detection field the following suggestions on possible future 
work are made.
The first suggestion concerns the device fabrication process. It would be useful to 
change the detector fabrication process in a way that includes collimated top and bottom 
contacts, so that the contact edges cannot be irradiated. By avoiding the contact edges 
during irradiation, we should also avoid ehps transport under the influence of non-uniform 
edge E-fields which induce unwanted charge or current pulses.
Secondly, in order to assess the observed polarisation effects which influence low E-field 
a- particle spectra during charge transport, cc-particle spectroscopy experiments should be 
performed at increasing temperature steps. By doing so, we should be able to determine 
if and in what extent polarisation is dominated by shallow or deep trapping levels. The 
reason such an experiment was not performed in this thesis was that since radiation sources 
were used inside the cryostats, ionising radiation regulations did not allow source heating 
as it may cause contamination issues.
All the particle induced charge transport experiments presented in this thesis have been 
performed with the detectors being in the “unprimed” or “de-pumped” state. Charge 
transport experiments could also be performed under constant UV illumination in order 
to keep the detector in the “primed” state. Thus, it would be possible to compare charge 
transport characteristics and E-field profiles for detectors in the two states.
An ambitious future experiment could include a TL experiment enhanced with an added 
spectrometer. This should provide the wavelength of the emitted photons during thermal
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detrapping as well as the temperature and intensity of the emitted peak. By combining 
these two methods the process of identifying the origin of the various trapping levels should 
prove easier and more effective.
Finally, IBIC ToF spatial resolution mapping could prove useful in identifying if the 
four-petal dislocation bundles observed in polarising microscopy images of SC-CVD dia­
monds, locally influence the charge transport properties.
A ppendix A  
“Glow-fit” a tool for glow curve 
deconvolution and 
therm olum inescence analysis
“Glow-fit” is a computer program built for deconvoluting first-order TL glow curves. The 
program fits a non-linear function describing a single glow peak to the experimental points 
using the least squares Levenberg-Marquadt method. The main advantage of “Glow-fit” 
lies in its ability to resolve complex TL glow curves. The mathematical description of 
“Glow-fit” is extracted from reference [83].
The program analysis of the glow curves is based on the first-order kinetics model by 
Randall and Wilkins. The TL intensity of a glow peak is given by:
h i U T )  = I,u^,mexp -  g ; )  exp exp -  - ^ d T ' ' j )  , (A.l)
where Igiaw is the glow peak intensity, E  is the activation energy in eV, k the Boltzmann 
constant, T  the absolute temperature and Tm and Im the maximum temperature and 
intensity, respectively. The exponential integral in equation A.l can be solved by using the 
following approximation:
J  exp ^  J  ^  '^exp{—x')dx' =  - - ^ 2 (^ )5  (A.2)
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where x = ^ { x '  = , and Eg (a:) is the second exponential integral function which can be
evaluated by E 2 {x) = a{x)exp{—x)^ where a{x) is a quotient of fourth order polynomials:
/ \ . ao +  a\x +  a2x“^ +  F x^  / a
Finally, the following expression is used to describe a single glow peak:
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(A.5)
The glow curve is a non-linear function of 7^, Im and E parameters. To find the best 
fit values of the peak parameters an iterative procedure is used. “Glow-fit” is capable of 
simultaneously deconvoluting a maximum of ten glow peaks from a single TL glow curve. 
For ten glow peaks the number of unknown parameters is thirty three (the additional three 
parameters are used in the background expression, such as a + b- exp (^ ), where a, b and 
c are the unknown background parameters). A function must be defined and the best 
fit parameters are determined by its minimisation. The minimisation process starts with 
trial values. In this program the Levenberg-Marquardt method for non-linear function 
minimisation was used. The fitting procedure searches for a minimum value of
Results are presented on the screen and the quality of the fitting is called the figure of 
merit (FOM) and is defined as:
FOM[%] = ~  X 100% (A.6)
Lilli
where pi is the content of the channel i and y{xi) the value of the fitting function in the 
center of channel i.
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